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1CHAPTER I
INTRODUCTION
The Ganges-Brahmaputra delta occupies most of the Bengal Basin and is one of the 
world’s largest depositional features (Kuehl et al., 1989). The majority of the delta is formed by 
actively accreting sediments transported from the Himalayan Mountains to the Bay of Bengal 
by the Ganges, Brahmaputra, and Meghna rivers (Fig. 1). Based on gauges ~300 km inland from 
the coast of Bangladesh, the Southwest Asian monsoon delivers ~1x109 tons of sediment to the 
basin each year (Milliman and Syvitski, 1992). Since the mid-Holocene, the massive sediment 
load has been building a compound delta system comprised of a subaerial delta landward of the 
coast, and a rapidly (15-20 m yr-1) prograding subaqueous clinothem on the inner shelf (Kuehl et 
al., 1997). The subaerial delta is divided into a dynamic river-dominated region that is actively 
accreting from Ganges-Brahmaputra discharge, and an ‘abandoned’ western lower delta plain 
that contains a complex network of tidal islands no longer connected to river distributaries on the 
landward side (Allison, 1998a). However, decadal scale accretion rates of 1.1 cm yr-1 have been 
measured on the moribund delta plain; these accretion rates decrease away from the shoreline 
suggesting the lower delta plain is receiving new sediment delivered from the marine side 
(Allison and Kepple, 2001). Within 30 km of the lower delta plain coast, a rapidly aggrading (>5 
cm yr-1) submarine canyon incises the foresets of the subaqueous delta on the inner shelf (Michels 
et al., 1998; Kuehl et al., 1997). The canyon, the ‘Swatch of No Ground’, contained the ancestral 
Ganges River during the last sea level lowstand, and remains the main conduit linking sediment 
transported across the inner shelf to the deep sea (Hübscher et al., 1998). While the canyon and 
lower delta plain are in close proximity to each other, they are located up to 150 km from the river 
mouth (Fig. 2). Despite being widely separated from the river mouth, they are receiving some 
fraction of the sediment annually discharged to the Bay of Bengal. Likewise, very high annual 
Figure 1. The location of the major rivers on the Indian subcontinent draining sediment from the Himalaya 
Mountains to form the Bengal Delta (modified from European Space Agency International image).
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sedimentation rates (<8 cm yr-1) on the subaqueous delta have been maintained by dispersal of 
the seasonal river plume, allowing the rapid progradation of the clinothem across the 20,000 km2 
inner shelf to the eastern edge of the canyon head.
The immense seasonal river discharge, large (2-4 m) tides and frequent (~2 yr-1) storms 
that intersect on the broad inner shelf distribute sediment discharged at the river mouth to these 
coastal and shallow marine depocenters (Barua, 1990; Alam et al., 2003; Emanuel, 2005). While 
a few studies have investigated the individual sedimentation histories of the canyon, inner shelf 
Figure 2. Study areas. A. Moribund lower delta plain within the tide-dominated Sundarbans National 
Preserve mangrove forest. B. Swatch of No Ground Canyon head and western edge of subaqueous delta on 
inner shelf.  
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and lower delta plain, no research exists linking river discharge to these depocenters. The present 
research focuses on the dynamic and understudied fluvial-marine transition zone of the Bengal 
delta where tides and storms actively redistribute river plume sediment across the inner shelf to 
the moribund lower delta plain and offshore to the shallow submarine canyon head. 
Several large-scale research efforts have been organized to better understand the 
transfer of sediment from river mouths to continental shelf and slope depocenters. The first of 
these, STRATAFORM (STRATA FORmation on MARgins), was initiated in 1994 through the 
Office of Naval Research, and funded an extensive suite of studies on how modern sedimentation 
and sediment transport processes influence long-term stratigraphic sequences preserved in the 
geologic record (Nittrouer, 1999). The program included both field and laboratory studies on 
two contrasting margin systems, the Eel River basin in N. California and the New Jersey margin 
(e.g. Alexander and Simoneau, 1999; Driscoll and Karner, 1999; Steckler et al., 1999; Mohrig 
4et al., 1999). The results of STRATAFORM provided insight on the role of frequent (e.g. river 
discharge, tides), infrequent (e.g. earthquakes, turbidity currents) and gradual processes (e.g. 
tectonics, sea level fluctuations) in shaping marine strata. Following on STRATAFORM was 
EuroSTRATFORM, a similar effort focused on the Mediterranean (Adriatic Sea [Trincardi et 
al., 1994; Cattaneo et al., 2003], Gulf of Lions [Roussiez et al., 2005; Arnaud and Charmasson 
, 1996]) and North Atlantic (Norway [Hebbeln et al., 1998]) margins, and the MARGINS 
Source-to-Sink program on the Waipaoa River basin and Gulf of Papua (Orpin, 2004; Walsh 
and Nittrouer, 2003). In Asia, there is a body of work on the processes that formed and maintain 
large Holocene deltaic sedimentary deposits off of the Yellow, Yangtze and Mekong Rivers (e.g. 
Liu et al., 2006; Dong et al., 2011; Ta et al., 2002). The advancement of knowledge on margin 
sedimentation has led to the development of numerical models that assess the processes forming 
depositional margin features (e.g. compound clinothems [Swenson et al., 2005]), as well as 
restoration projects in margin settings (e.g. Mississippi-Atchafalaya River diversions  
[Rego et al., 2010]).  
Based on the potential to enhance the current state of knowledge on the understudied 
inner shelf region of the Ganges-Brahmaputra system and of fluvial-marine sediment dispersal 
systems in general, the overarching goals of this research are to: 
1. Understand the connections of sediment dispersal from river mouths to 
remote coastal and marine depocenters;
2.         Determine the roles that distal fluvial-marine sediment transport play in the 
stability and evolution of depositional margin settings.
Specifically, the research aims to address these objectives by: 
i. Quantifying the rate and patterns of seasonal sediment deposition in the 
5moribund lower delta through the use of direct measurements and radioisotope 
geochronology;
ii. Inferring transport mechanisms in the canyon, including the role of storm 
events and mass wasting, using seismic stratigraphy and canyon morphology as 
interpretive tools.
The resulting data will be used to evaluate the overall spatial and temporal scales of sediment 
dispersal from the active river mouth to the inner shelf, canyon, and tidal islands of the moribund 
coastal delta. The results herein provide better-defined boundary conditions for predictive models 
assessing environmental change in the G-B river basins (e.g. Webster and Jian, 2011; Hopson 
and Webster, 2010). Furthermore, one major outcome of the study is refinement of the sediment 
budget for the G-B dispersal system. This single river system contributes over 5% of sediment 
annually discharged to the modern global ocean, though sediment partitioning between the river 
mouth and the deep sea has only been partly constrained (Syvitski and Kettner, 2011). 
Previous Work
Approximately ¾ of the billion tons of Himalayan sediment annually transported to 
the Bengal Basin during the southwest monsoon reaches the mouth of the Ganges-Brahmaputra 
River (Goodbred and Kuehl, 1999). Previous sediment budgets calculated that ~400 million tons 
of sediment is distributed on the topsets and foresets of the subaqueous delta and the remaining 
~300 million tons annually delivered to the coast bypasses the shelf to the deep sea by way of 
the shallow-headed submarine canyon (Allison, 1998a; Kuehl et al., 1997). However, sediment 
accretion has been inferred on the lower delta plain using 137Cs radionuclide geochronometry. 
This indicates the moribund lower delta may be an additional sink for some fraction of the  
300 million tons of sediment originally assumed to bypass the shelf (Fig. 3) (Allison and  
Kepple, 2001). 
Figure 3. Simplified illustration of the Ganges-Brahmaputra dispersal system and details of the sediment 
budget based on previous studies. Arrows indicate the general direction of sediment transport and numbers 
give estimated sediment mass annually delivered to onshore and offshore depocenters. Red arrows indicate 
discharge; all others represent generalized areas of deposition. Units are in Mt yr-1 (Kottke et al., 2003; 
Goodbred and Kuehl, 1999; Allison, 1998; Michels et al., 1998).
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Although a general sediment budget has been estimated for the G-B dispersal system 
seaward of the river mouth, most sedimentological research on the inner shelf has focused on 
the prograding subaqueous part of the delta or the upper-middle canyon and thalweg (i.e. water 
depths between 200-800 mbsl) (e.g. Kuehl et al., 1989, 1997; Segall and Kuehl, 1992; Michels 
et al., 1998, 2003; Kottke et al., 2003; Kudrass et al., 1998). Hydrographic data from the river 
mouth estuary, coastal front, and inner shelf surrounding the canyon head are also available 
(e.g. Barua, 1990; 1994). However, there are very limited published studies on sedimentation in 
the subaerial lower delta plain (e.g. Allison and Kepple, 2001). Likewise, there are no studies 
on the inner shelf where the canyon head intersects the subaqueous delta, or on the timing and 
7mechanisms of sediment transfer across individual components of the coastal delta system. 
Hydrographic parameters influencing sediment transport on the inner shelf are presented in this 
section, as are published attributes of the subaqueous delta, canyon head and lower delta plain.
Hydrography of the Bengal shelf
Tidal current velocities on the inner shelf have been estimated at 1-3 m s-1 in both the 
western part of the delta and at the coast in the larger channels, with a maximum current velocity 
of 3.8 m s-1, enabling sediment to be transported throughout the spring/neap tidal cycle (Davies et 
al., 2003). Tides are known to actively rework nearshore sediment on spring/neap time scales in 
other delta systems (e.g. Fly [Martin et al., 2008]; Amazon [Jaeger and Nittrouer, 1995]; Yellow 
and Yangtze [Alexander et al., 1991; Sternberg et al., 1985]. Sediment dispersal associated with 
spring/neap cycles has only been very generally estimated for the inner shelf and eastern portions 
of the G-B delta (Barua, 1990; 1994). At the annual scale, sediment discharge during the summer 
monsoon is approximately one order of magnitude greater than in the dry season and consists 
mainly of fine-grained silts and clays (~ 992 million tons vs. 93 million tons, respectively). 
In contrast, wet season water discharge is several orders of magnitude higher than dry season 
discharge (160,000 m3 s-1 compared to 3800 m3 s-1) (Segall and Kuehl, 1994). Based on water-
column data from the inner shelf taken by Barua et al. (1994), trends in along-shore suspended 
sediment concentration (SSC) indicate significantly higher SSC during maximum discharge 
(4000-6000 mg/L), compared to dry season SSC (100-1500 mg/L). Spring-neap tidal cyclicity 
overprints seasonal sediment delivery to the Meghna Estuary (at the mouth of the active river), 
influencing landward transport of sediments during both seasons, with preferential transport of 
silts and muds during the dry season (Davies et al., 2003). Fluvial processes are dominant in the 
wet season, leading to greater erosion and export of sediments in the Meghna Estuary. During 
the dry season, tidal processes dominate at the river mouth, and erosion by fluvial processes 
8is minimized (Barua, 1990). Overall, the large seasonal sediment discharge and strong tidal 
pumping are most important for sediment transport at annual and monthly time  
scales, respectively.
Subaqueous delta
The G-B compound delta has a sandy subaerial/shoreface component and a rapidly 
prograding fine-grained subaqueous delta, or ‘clinothem’ (Kuehl et al., 1997; Allison, 1998; 
Michels et al., 1998). The clinothem consists of gently sloping topsets that extend from the active 
river mouth to about 20-30 m water depth in the eastern-most part of the bay. Energetic waves 
and currents during high discharge periods limit topset deposition (~3 cm yr-1) to fine and medium 
sands (Michels et al., 1998; Kuehl et al., 1997). Most fine-grained particles entering this area 
bypasses the inner shelf and is deposited either on the foresets at mid-shelf during high discharge 
at a rate of 5-8 cm yr-1, or in the western-most part of the delta adjacent to the submarine canyon, 
named the ‘Swatch of No Ground’. The bottomsets of the clinothem are currently accumulating 
at ~1 cm yr-1 (Segall and Kuehl, 1992; Kuehl et al., 1989; Michels et al., 1998). Together, total 
accumulation on the subaqueous delta accounts for about half of the ~700 x 106 tons of sediment 
discharged to the inner shelf per year. 
Acoustic subbottom surveys of the subaqueous delta show that it has a sigmoidal or 
clinoform shape that steepens to the south and west (Fig. 4). Steepening and thinning of foreset 
beds seaward and to the west near the canyon indicates westward transport of fine-grained 
material, probably during the monsoon and high wind and wave events (Kuehl et al., 1997). 
The clinothem shows mostly parallel to sub-parallel bedding that downlap onto what has been 
identified by Hübscher and others (1998) as the Pleistocene low stand surface. Based on high 
sedimentation rates on the foresets, progradation of the clinothem has been estimated at 15 m yr-1 
(Michels et al., 1998). Laterally extensive acoustically transparent layers imaged in the delta front 
Figure 4. Example of chirp subbottom sonar data from the subaqueous delta showing sigmoidal shape of 
clinothem strata. This line contains acoustically transparent layers thought to result from mudflows near the 
seabed, and widespread acoustic blanking caused by the presence of gas trapped in the subsurface.  
The inset map shows location of the sonar line on the canyon head relative to other survey lines used in  
this study.
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are interpreted as mudflows caused by liquefaction of the seabed during earthquakes or storms 
(Kuehl et al., 1997; Palamenghi et al., 2012; Michels et al., 1998).  
Swatch of No Ground canyon
The Swatch of No Ground (SoNG) canyon incises the Bengal shelf in a NE-SW 
direction about 30 km offshore of the western coast of Bangladesh. The head of the canyon is 
~150 km west of the active river mouth and deepens to >600 m within 60 km of the shore, and 
to 1200 m by the shelf break. Based on data collected from the Bengal Fan, the world’s largest 
active submarine fan at the canyon’s mouth, it is assumed ~30% of the G-B’s annual sediment 
budget (~300 x 106 tons) is making its way through the canyon to the deep sea (Curray et al., 
2003; Hübscher et al., 1998; Weber et al., 1997). Sedimentation rates along the rim of the  
canyon are 6-10 cm a-1 and increase to 45-50 cm a-1 within the upper canyon. Sedimentation  
rates decrease with increasing water depth and distance from the head (Michels et al., 2003; 
Kuehl et al., 1998; Kudrass et al., 1998). The high sedimentation rate at the upper canyon is 
thought to be maintained by a ‘quasi-continuous’ sediment gravity flow activated during high 
discharge or wave events. Fair weather tidal current advection of fine-grained suspended river 
Figure 5. Illuminated 3-D perspective of the Swatch of No Ground canyon head from swath sounder data. 
While this swath data was taken from a survey conducted in water depths below that of the sonar surveys 
used in the present study, it illustrates the general morphology of the canyon head, including gullies and 
valleys that may be conduits for sediment gravity flows (modified from Kottke et al., 2003).
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load may also contribute to high sedimentation rates (Kottke et al., 2003; Michels et al., 2003; 
Kudrass et al., 1998).
Common morphologic features identified on the SoNG canyon are wide (300-500 m) 
‘gullies’ that dissect both walls of the canyon (Fig. 5) (Kuehl et al., 1997; Kottke et al., 2003). 
These gullies may be conduits for gravity-controlled sediment flows entering the canyon, 
although no preferred pathway linking these features to the active river mouth has been identified. 
Other morphologic features that may be indicative of high, yet episodic, sedimentation rates into 
the canyon are growth faults visible in seismic data along the steep eastern wall. These faults 
indicate slumping and sliding has historically occurred here, and may be the foci of repeated 
mass-wasting events triggered by storms or seismic events (Kottke et al., 2003; Kuehl et al., 
2005). Storms, river processes, sediment gravity flows, seismic disturbances and turbidity 
currents all contribute to sedimentation in the canyon, although the relative contributions of each 
are unknown. 
11
Subaerial lower delta plain
The subaerial lower G-B delta consists of a fluvially-active eastern reach, which 
contains distributaries that flood annually during high discharge, and an older moribund western 
delta that is no longer connected to the river system on the landward side. The western lower 
delta plain is a tide-dominated coastal depositional system that contains a complex network of 
estuaries and islands dissected by tidal channels (Stanley and Hait, 2000; Galloway, 1975).  
Semi-diurnal tidal ranges across the G-B delta front vary from meso-tidal (2-4 m) in the west to 
macro-tidal (4-6 m) in the easternmost active estuary mouth, sometimes producing tidal bores 
(Barua, 1994; Segall and Kuehl, 1992). 
The first published study on the lower delta plain used historical charts and Landsat 
imagery to show that sediments delivered to the eastern delta at the river mouth accreted at an 
average rate of ~5 km2 yr-1 during the ~200 years of the study (Allison, 1998b). However, the 
study reported net shoreline retreat of 3-4 km on the western moribund delta plain during the 
same time period. The results of this initial project led the author to suggest that shoreline erosion 
along the remote coastal lower delta is attributed to minimal sediment input by the modern rivers. 
Allison and Kepple (2001) later investigated sedimentation trends in this part of the delta. This 
secondary study, based on measurements of 210Pb, 137Cs, and 226Ra radioisotopes in <5 m long 
sediment cores, provided sedimentation rates of ~1.1 cm yr-1 on the western lower delta plain at a 
decadal timescale. While this study only measured sedimentation up to 100 m from the banks of 
tidal channels, it showed that activity values generally decreased with increasing distance inland 
from the coast, suggesting sediment is sourced from the marine side. The current study will 
expand on these earlier works by measuring sedimentation rates up to 500 m from tidal channel 
banks of the lower delta plain. 
Organization
The chapters of this dissertation are written as stand-alone manuscripts, with the exception 
12
of Chapters 1 and 5. Chapter 1 is an introduction to the study area and a summary of results from 
previous work that provides a framework for the current study. Chapter 2 focuses on sedimentation 
in the tidally-dominated ‘abandoned’ Ganges-Brahmaputra lower delta plain. Chapter 3 describes 
mass failures in the head of the Swatch of No Ground submarine canyon related to passage of a 
tropical cyclone in the Bay of Bengal. Chapter 4 describes the morphology of the upper submarine 
canyon head and infers sediment transport mechanisms linking the canyon with the inner shelf and 
subaqueous delta. Chapter 5 summarizes the major conclusions and implications of the presented 
research with suggestions for future efforts. 
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CHAPTER II
TEMPORAL AND SPATIAL PATTERNS OF MONSOON SEDIMENTATION ON THE 
‘ABANDONED’ TIDE-INFLUENCED 
GANGES-BRAHMAPUTRA DELTA PLAIN
Abstract
Annual sediment delivery by the Ganges-Brahmaputra Rivers to the coast of 
Bangladesh has kept pace with sea level rise since the early Holocene, allowing subaerial  
growth of the delta. However, the Sundarbans region of the lower delta is disconnected from  
any major distributary source of sediments and is thought to be sediment starved, rapidly  
eroding, and susceptible to the meter of sea level rise predicted for the 21st century. Direct 
sedimentation measurements on the lower delta plain reveal higher annual accretion rates than 
expected (~1.1 cm yr-1) and heterogeneous depositional patterns indicate differing delivery 
pathways between the traditionally named “active” and “abandoned” portions of the delta. 
Short-lived radioisotope inventories (7Be: t
1/2
 = 53.3 days) indicate that about half of sediments 
deposited on the lower delta were sourced from the flood pulse; remaining 1/2 most likely diluted 
with reworked older sediments. Net sedimentation on this part of the delta accounts for ~10%  
of annual Ganges-Brahmaputra discharge; accretion rates are double regional SLR of 5 mm yr-1. 
If these sedimentation rates are representative of longer-term trends and subsidence rates  
remain stable over the next century, the lower delta plain may continue to maintain its present 
positive elevation. 
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Introduction
Sediment delivery to low-lying coastal zones must keep pace with, if not exceed, the 
rate of sea level rise in order to maintain a positive surface elevation (Morris et al., 2002; French, 
1983). The Ganges-Brahmaputra Delta in Bangladesh has been cited by the Intergovernmental 
Panel on Climate Change as an example of a coastal system that could be flooded by the 
combination of rapid eustatic and regional sea level rise within the next century (Cruz et al., 
2007). Approximately ¾ of the billion tons of Himalayan sediment annually transported to the 
Bengal Basin during the southwest monsoon reaches the mouth of the Ganges-Brahmaputra River 
(Goodbred and Kuehl, 1999). Comprised mostly of silts and fine sands, the coarser fractions 
are deposited at the estuary mouth and near shore, while the finer-grained load is thought to be 
partitioned between the prograding subaqueous clinothem and the rapidly accumulating Swatch 
of No Ground canyon (Eysink, 1983; Kuehl et al., 1997). Previous sediment budgets estimated 
that ~400 million tons of sediment is distributed on the topsets and foresets of the subaqueous 
delta and the remaining 350 million tons annually delivered to the coast bypasses the shelf to the 
deep sea by way of the shallow-headed submarine canyon (Allison, 1998; Kuehl et al., 1997). 
These budget calculations did not consider sedimentation and storage on the Sundarbans region 
of the western lower subaerial delta.  
Delta plains maintain their positive elevation above sea level principally through 
sediment delivery from overbank flooding of rivers and distributaries. However, the lower 
western Ganges-Brahmaputra (G-B) delta has not been connected to major river channels since 
the middle-late Holocene (Goodbred and Kuehl, 2000; Heroy et al., 2003; Allison et al., 2003). 
The Sundarbans region of the G-B delta formed sometime after 4ka and has been gradually cut 
off from the Ganges River due to eastward migration of the river system. Subsequent siltation 
of offtakes that historically distributed sediment to the lower delta has reduced direct riverine 
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input to the Sundarbans (Allison, 1998). This separation from the Ganges’ distributaries has 
slowed progradation of the shoreline, enhanced erosion of the delta front, and has resulted in 
the domination of tidal processes (Allison et al., 2003; Allison, 1998). Despite these patterns of 
‘abandonment’ from the main distributary mouths, vertical sediment accretion has been inferred 
on the lower delta plain using 137Cs radionuclide geochronometry, with estimated decadal-scale 
accretion rates of ~1.1 cm yr-1 (Allison and Kepple, 2001). 
The findings of Allison and Kepple (2001) prompt a reevaluation of the earlier coastal 
sediment budget for the G-B delta by demonstrating that sediment discharged to the inner shelf 
is partitioned between the subaqueous delta and canyon, as well as to the western coastal delta 
plain. Allison and Kepple (2001) also note that radionuclide activities were very low in the 
western delta plain, for example rendering 210Pb ineffective for calculating accretion rates and 
having to rely on less-than-ideal results from 137Cs activities. They speculate these low activities 
result from dilution with older sediments eroded from the shelf, but suggest that more information 
is needed to confirm these interpretations and the overall accretion rates. In general, though, their 
results show decreasing sedimentation rates with increased distance from the Bay of Bengal, 
indicating sediment is likely sourced from the marine side and is probably introduced through 
tidal inundation, seasonal monsoon set-up of sea level, and storm surges. While these early 
studies used radioisotope geochronology to determine accretion rates and directional trends of 
sediment input, these important results remain unconfirmed due to their dependence on non-
ideal radionuclide activities. Analyses were also limited to within 100 m of tidal channel banks 
“because of the presence of tigers” (Allison and Kepple, 2001). The source area of sediments and 
the timing of their deposition remain important questions as well. 
Expanding the spatial control of sedimentation rates estimated by earlier works, the 
present study examines accretion patterns across Sundarbans tidal islands up to 450 m from 
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tidal channel banks using both direct measurements and short-term radionuclide approaches. 
Accretion rates are measured from south to north (near shore to ~50 km inland) and from eastern 
and western portions of the Sundarbans using sediment traps to measure mass accumulation 
over a single monsoon season. Sediment accumulation values are coupled with identification 
of sediments sourced directly from the seasonal flood pulse using beryllium-7, a short-lived 
cosmogenic fallout radioisotope (t
1/2
 = 53.3 days), proven to be an effective tracer of terrestrial 
sediment discharged to marine environments (Sommerfield et al., 1999; Mullenbach and 
Nittrouer, 2000). Also used in this study is lead-210 (t
1/2
 = 22.3 years), which is a naturally 
occurring end product of the uranium-238 decay series that is effective for identifying fluvial 
sediments deposited in near shore environments within the last 100 years (Nittrouer et al., 1979; 
Liu et al., 2006; DeMaster et al., 1986). Lead-210 is used in conjunction with beryllium-7 to 
identify the transport history of sediments delivered to the ‘abandoned’ lower delta plain. 
 
Study Area
The subaerial portion of the G-B delta is a tide-influenced depositional system that 
contains a complex network of estuaries and islands dissected by tidal channels (Stanley and 
Hait, 2000; Galloway, 1975). This study focuses on the lower G-B delta plain that lies within the 
densely populated nation of Bangladesh. River discharge is controlled by the tropical southwest 
monsoon, with highest rainfall and ~80% of the sediment load delivered to the coast from May-
September (Coleman, 1969). The lower delta consists of a river-influenced eastern reach with 
distributaries that flood annually during high discharge, and an older ‘abandoned’ portion of the 
delta to the west that is no longer connected to an upstream river source (Fig. 1). The western 
lower delta has been thought to be sediment starved similar to the abandoned lobes of other delta 
systems (e.g., Mississippi, [Coleman et al., 1998]; Yellow [Xue, 1993]). Reduced sediment and 
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freshwater input has caused the western lower delta to evolve from a distributive channel network 
into a system of interconnected headless tributive channels. 
The western lower delta plain is vegetated by the world’s largest littoral mangrove 
forest, the Sundarbans National Preserve (a UNESCO World Heritage site). Shared between India 
and Bangladesh, the Sundarbans is a largely pristine mangrove ecosystem that is home to several 
threatened plant and animal species (including the Royal Bengal Tiger) and provides shelter 
for fish nurseries that sustain local human populations (Giri et al., 2007). The Sundarbans also 
imparts protection from storm surges caused by tropical cyclones that recur on sub-decadal time 
scales in the Bay of Bengal. There are over 10,000 km of navigable tidal creeks in the Sundarbans 
ranging from a few meters to several kilometers wide that are maintained by a meso-tidal 
range (2-4 m) and the associated tidal prism. The large tidal range and funnel-shaped channel 
geometries generate asymmetrical flood-dominant tides that increase by ~1 m from the coast to 
100 km inland. (Fig. 2). Barua (1990) notes that channel systems within the active estuary and 
central coast are typically depositional (erosional) on the flood (ebb) tides, with a net effect of 
accretion at landward channel positions and erosion in lower channel reaches near the coast. 
A 10 km-wide tidal channel known as the Pussur River serves as a boundary between 
the eastern and western Bangladeshi Sundarbans in this study. Land elevation surveys in the 
Sundarbans indicate the eastern (western) mangrove platform averages 2 ± 0.9(1.5 ± 0.8) m 
above mean low water levels (Ellison et al., 2000). Considering these elevation values against the 
2-4 m tidal range, much of the eastern Sundarbans should remain dry except during monsoonal 
high tides and the highest dry season spring tides. By contrast, the mean elevation of the western 
Sundarbans is 0.5 m lower than the minimum tidal range of 2 m, indicating there is year-round 
inundation of the mangrove platform during normal high tides. This causes more frequent 
flooding and higher soil salinities in the west compared to the east (Iftekhar and Saenger, 2008). 
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Figure 2. Tide gauge data at the coast (Hiron Point) and ~80 km inland (Mongla) showing flood-dominant 
tidal asymmetry at inland tide gauge. Topographic funneling results in ~1 m elevated peak flood at inland 
sites. Flood tide is offset by ~2 hours and flood-dominant asymmetry results in longer ebbing limb at  
inland sites.
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The difference in soil salinity has resulted in lower plant diversity west of the Pussur River and 
the dominance of more salt-tolerant mangrove species (Gopal and Chauhan, 2006). 
An important characteristic of the Bengal coast is the 80-cm set up produced by 
strong onshore winds during the summer monsoon (May-September). Although the rivers do 
not directly flood the lower delta plain, tides overprint monsoon set-up resulting in increased 
inundation depths and more widespread flooding of the Sundarbans, particularly in the low-
lying western area (Fig. 3). The seasonal set up corresponds with high river discharge; however, 
sediment plumes can still be seen in Landsat images extending to 20 m water depth on the inner 
shelf months after the monsoon has ended and sea level has returned to its normal state (Fig. 4). 
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Figure 3. Tide gauge data at the coast (Hiron Point) showing ~80 cm difference between summer and 
winter monsoon seasons. Each point on the graph represents a monthly average. The 24 year trend in 
relative sea level rise is ~0.5 cm yr-1.
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High concentration sediment plumes are maintained year-round by bed shear and vertical mixing 
caused by strong tidal currents west of the active river mouth (Barua et al., 1994). Upstream  
tidal amplification combined with sea level set up and resuspension from tidal currents and dry 
season storms may enable suspended sediment on the inner shelf to be transported far inland from 
the coast. 
Methods
    This study uses data gathered from the western lower G-B delta plain through sediment 
traps and radioisotope geochemistry. This coupled approach allows determination of seasonal 
sedimentation and spatial depositional patterns. Additionally, these methods provide identification 
of the relative source of sediments aggrading in the Sundarbans. Similar measures are also 
made on suspended sediments collected from the upstream fluvial system, the inner shelf, and 
abandoned delta plain tidal creeks.
km
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N
Figure 4. MODIS image collected during the dry season (February 2008) showing suspended sediment in 
the river mouth and inner shelf. High suspended sediment concentrations are maintained to ~20 m water 
depth even at low discharge, indicating sediments are kept in suspension by tidal pumping or wind events/
storms. Area inside box is study region. 
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Sampling strategy
In March 2008, 48 sediment traps were placed within the boundaries of the Sundarbans 
National Preserve. A nested sampling strategy was used, involving four main study areas that 
each included three 4-sample transects extending from the channel margin to several hundred 
meters inland (Fig. 5). The four study areas (or anchor stations) are located east and west of 
the Pussur River, near the coast, and ~80 km inland. Eastern stations (#1 and #2) are higher in 
elevation and therefore typically drier than western stations and are dominated by the Sundari tree 
(Heritiera fomes), with large buttresses and thick (d = ~7 cm) pneumatophores that protrude up to 
30 cm above ground. The western part of the study area (stations #3 and #4) contains mangroves 
with thick aerating roots, aerial prop roots, and drop roots (Rhizophora sp. and Excoecaria sp.), 
though the most common species near all sampling sites is Avicennia sp. with thin, needle-like 
pneumatophores (Fig. 6).  
Within a 4 km2 area of each anchor station, three sampling transects comprising four 
sediment traps each were placed adjacent to tidal channels, with transect entry points chosen 
according to accessibility and stream order. Transects extended sub-perpendicular to channel 
banks and traps were spaced at 50-100 m intervals. Stream order was determined through 
comparison of site descriptions from the field, photographs of sample sites, and creek orientation 
as seen in satellite images. Stream order assignment for each sample site indicates the relative 
size of the nearest tidal creek and is based on a modified Horton-Strahler stream ordering 
convention (Strahler, 1952). Individual trap sites ranged from broad, sparsely vegetated mudflats 
fringed with mangrove trees to areas with extensive pneumatophores and undergrowth. Grasses 
and reeds were typically absent. Trap types were chosen based on reviews of riparian sediment 
sampling methods tested by Steiger et al. (2003), including: (1) 30 cm long, 7 cm diameter PVC 
pipes buried with 1 cm exposed above the forest platform; (2) 10 cm x 10 cm pieces of artificial 
Figure 5. Google Earth™ image showing arrangement of sampling sites
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A.
C.
B.
D.
Figure 6. Examples of trap sites from A) western inland, B) eastern inland, C) western coastal and D) 
eastern coastal, showing the variation in size and type of typical mangrove pneumatophores found at  
each station. 
28
turf secured to the forest platform with 10 cm steel pins; and (3) 10 cm x 10 cm ceramic tiles. In 
addition, a 2-3 mm-thick layer of brick dust was poured evenly on the ground surface adjacent 
to the traps (Fig. 7a). The three types of traps were used to provide redundancy in sampling in 
case one or more method failed, and to test the efficacy of each. Brick dust was used to provide a 
qualitative indication of flow direction, depth of burial, and bioturbation. Traps were in place over 
one monsoon flood season, totaling ~13 spring-neap tidal cycles from March to October. Samples 
were also collected in October from the upper 1 cm of sediment in adjacent tidal creek beds using 
Nalgene sample cups. 
Sediment traps were retrieved in October 2008 following cessation of monsoon 
floodwaters. Of the 48 sample sites, 47 had recoverable traps. Figure 7b shows a typical trap site 
completely covered by sediment deposited during the eight months that the traps were in place. 
In some locations, at least one of the sediment traps was missing or had been repositioned, most 
likely due to strong monsoon flood or tidal currents, or manipulation by forest inhabitants. Turf 
A. March 2008 B. October 2008
PVC pipe
Ceramic tile
Turf carpet
Brick dust
PVC pipe
Figure 7. Example of sediment trap site, A) pre- and B) post-monsoon. A. Typical trap array: PVC pipes 
captured gross sedimentation, turfs and tile captured net sedimentation and brick dust provided qualitative 
information regarding bioturbation and energy of the depositional environment. B. Typical example of trap 
site following monsoon flooding. Most trap sites were completely covered by sediment. 
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samplers and sediment collected on tiles were transferred in the field to pre-labeled sample bags. 
Trenches were dug to just below the depth of the brick dust and sediment thickness above the dust 
layer was recorded, as were qualitative observations about bioturbation and transport energy as 
indicated by dust dispersal. The PVC pipes were dug up and sealed for transport back to the lab.  
All sample processing was started within 2 weeks of collection due to the short half-
life of 7Be, with priority given to the earliest-collected samples. Turf samplers were rinsed and 
sediment cleared of any loose turf material. Sediment from tiles and turf was transferred to clear 
plastic sample cups, homogenized and weighed. Once weights were recorded, aliquots were taken 
for organic content (loss-on-ignition, or LOI) and grain size analyses. Aliquots were combusted 
in a furnace at 450° F for ~6 hours and then weighed to determine LOI percentage. Grain size 
analyses were performed on a Malvern Mastersizer Laser Particle Analyzer. The remaining 
volume of each wet sample was then dried overnight in a low-temperature oven, masticated with 
a mortar and pestle, and weighed to determine water content. 
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In addition to collection of delta plain and tidal creek surface sediments, suspended 
sediment was collected during peak monsoon flooding in August 2006 from water samples taken 
at nine inland rivers, including the three main rivers (Ganges, Brahmaputra and Meghna), four 
distributaries and two tributary channels; a coastal tidal channel ~30 km east of the study area, 
and 5 km offshore. Water samples were collected using a metal bucket and transferred to a 5 
gallon carboy and left to settle overnight. Excess water was siphoned off and remaining sediment 
was transferred into bottles, sealed and transported back to the lab. Suspended sediment was 
processed and analyzed for organic content, grain size and direct gamma counting. Between 3-6 
g of dried sediment was measured for 210Pb
xs
, 234Th
xs
, 7Be and 137Cs activities using a germanium 
well detector at East Carolina University.   
Radioisotopes  
Fifty to 150 g of dried ground sediment was analyzed ~24 hours for gamma 
spectroscopy on Ortec 125-mm2 planar germanium gamma detectors. Detectors were calibrated 
using a custom mixed gamma source and IAEA-375 soil standard. Activities of beryllium-7 (t
1/2
 
= 53.3 days; 477.7 KeV), lead-210 (t
1/2
 = 22.3 years; 46.5 KeV), thorium-234 (t
1/2
 = 24.1 days; 
63.3 KeV) and cesium-137 (t
1/2
 = 30.1 years; 661 KeV) were recorded. Activity values for short-
lived 7Be and 234Th were corrected for radioactive decay that occurred between sample collection 
and counting. Although activities of 234Th
xs
 (continuously produced in seawater from the decay 
of uranium-238 and used as a marine particle tracer) and 137Cs (a bomb fallout signal) were 
measured, activity values were below detection for most samples for 137Cs and for all samples 
for 234Th
xs
. The very low 137Cs activities are consistent with previous results from the lower delta 
plain (Allison and Kepple, 2001).  
The two principal radioisotopes used in this study are 7Be and 210Pb. The particle-
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surface reactivity, continuous atmospheric production and delivery, and relatively short half-lives 
of 7Be and 210Pb
 
make them useful tracers of sediment movement across the land-sea boundary 
(Bonniwell et al., 1999). Beryllium-7 is a naturally occurring cosmogenic fallout radionuclide 
produced continually in the atmosphere by the spallation of nitrogen and oxygen atoms. 7Be 
adsorbs to aerosols in the troposphere and is removed to the Earth’s surface through wet and dry 
deposition (Feng et al., 1999; Turekian et al., 1983). Once delivered to the land surface, 7Be (K
d
 
= 104-106) rapidly attaches to soil particles and sediment, which may then be eroded and washed 
into a stream network (Hawley et al., 1986; Wallbrink and Murray, 1996). The strong particle 
affinity of 7Be and its short half-life makes it useful for studies of seasonal sediment transport 
and deposition (e.g. Sommerfield et al., 1999; Rose and Kuehl, 2010), and for fingerprinting 
suspended sediment sources (e.g. Olley et al., 1993; Matisoff et al., 2002). The primary source 
of 7Be to sediments and the water column in many aquatic environments is direct input from 
the atmosphere (Olsen et al., 1986; Baskaran and Santschi, 1993). However, when the ratio of 
drainage basin area to estuarine surface area is high such as it is in the G-B system (841.6 x 106 
km2 vs. ~.02 x 106 km2), the input of 7Be to the estuary is dominated by fluvial sediments sourced 
from the watershed (Coleman et al., 2008; Sommerfield et al., 1999; Baskaran et al., 1997). In 
this study, 7Be was used to determine the relative contribution of river-sourced sediment deposited 
on the delta plain and tidal creek beds during the flood pulse.
Larsen and Cutshall (1981) found that counting a 250 g sample for 200 minutes (12000 
seconds or 3.2 hours) on a germanium detector yielded a “pragmatic lower (detection) limit” for 
7Be of 0.4 pCi g-1, or ~0.9 dpm g-1. Increasing count time by a factor of four improved precision/
reduced counting error by 50%. In the present study, average weight of all samples was 107 
g, less than half that used by Larsen and Cutshall. However, the average count time was 1565 
minutes (93940 seconds or 26 hours), over seven times the counting time determined by Larsen 
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and Cutshall to be practical for precise 7Be detection. In this study, the efficiency of the two 
gamma detectors at the 477 KeV photopeak is used to determine a detection limit of 0.1 dpm g-1 
for 7Be. To increase the signal-to-noise ratio and to account for any minor additions to total from 
atmospheric fallout of 7Be, the lower detection limit used here is 0.2 dpm g-1.  
Lead-210 is also a naturally occurring radionuclide, but is produced as a part of the 238U 
decay series. Uranium-238 in soils and rocks decays indirectly to 226Ra, which in turn decays to 
222Rn, a noble gas. Some 222Rn escapes to the atmosphere, where it decays through its daughter 
products to 210Pb. Like 7Be, 210Pb is particle reactive (K
d
 = 103-106) and adheres to aerosols that 
are removed to the earth’s surface through wet and dry fallout (Wang and Cornett, 1993; Baskaran 
and Santschi, 1993). Once delivered to the surface, 210Pb is rapidly adsorbed to particulate 
matter in soil and aquatic settings. Atmospherically-derived 210Pb is termed the ‘excess’ and is 
distinguished from that produced in situ (i.e. the ‘supported’ or ‘background’) by the subscript 
‘xs’. Terrestrial sediment tagged with 210Pb
xs
 in river catchments and floodplains can be eroded, 
washed into channels, and may eventually be deposited on lower delta plains, estuaries, or on 
the inner shelf. Because of its 22.3-year half life, particle reactivity and continuous input to 
the earth’s surface, 210Pb geochronology can be used to investigate decadal scale sedimentation 
rates and the relative timing and input of sediment along the river-to-marine sediment transport 
pathway (Nittrouer et al., 1979; Aalto and Nittrouer, 2012; Matisoff et al., 2005).  
Determination of 210Pb
xs 
from the supported levels is made by subtracting the mean 
activity of 226Ra in a sample from total 210Pb activity. The mean activity of 226Ra is determined 
indirectly by taking the sum of the average activities of its granddaughters, 214Pb (295 and 351 
keV) and 214Bi (609 keV) (Matisoff et al., 2005; Baskaran and Santschi, 1993). Although 210Pb
xs
 
is best applied to studies of decadal-scale processes, it can also be used in conjunction with 
7Be activities to determine the relative source of annually (i.e. < 6 months) eroded floodplain 
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sediment entering the river-to-delta plain transport system (Baskaran, 1995; Saari et al., 2010; 
Matisoff et al., 2005). The 7Be/210Pb
xs  
activity ratio
 
typically varies much less along this transport 
path than the activities of the individual nuclides; therefore, changes in the ratio can reflect the 
time since the sediment was tagged with either nuclide, and may also indicate the degree of 
mixing of suspended sediment eroded from the floodplain surface (7Be-enriched) with older (7Be-
deficient) sediment (Matisoff et al., 2005; Olsen et al., 1989). 
Results and Interpretations
General patterns 
The Sundarbans is a geographically large (104 km2) and morphologically complex 
area. Despite the variety of vegetation, topography and stream order settings sampled in this 
‘abandoned’ delta plain, all sites with recoverable traps received sediment over the 8-month 
sampling period (Fig. 8). Of the three traps along each transect, tiles proved to be most effective 
for determining net sediment accumulation. All but eight tiles were recovered; net accumulation 
at sites with missing tiles was calculated from turf samples. The brick dust layer was preserved 
at all sites and was useful in demonstrating that no significant erosion had occurred and provided 
an evaluation of the magnitude of bioturbation. In all cases brick dust layers were buried by 
recently deposited sediment and downward mixing appeared to extend locally <3 cm below the 
brick dust layer. Sediment trapped in PVC pipes was texturally homogenous with no apparent 
bedding structure and little particulate organic matter. The most notable overall result was that 
mean values for all attributes measured on newly-deposited delta plain sediment were remarkably 
similar (Table 1).
Sedimentation rates 
Sedimentation values across the study area range from 0.1 to 5.5 g cm-2 with an average 
of 1.3 ± 1.1 g cm-2 (Table 2). The values are widely distributed across the full range of results, 
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Figure 8. Mass accumulation for all sites where traps were recovered. All sites received sediment during the 
2008 monsoon season. Dashed line indicates overall average mass flux value (1.3 g cm-2)
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indicating the end member values are not outliers and that sediment traps captured the range 
of variability in sedimentation across the area (Fig. 9). Values for net sediment accumulation 
averaged 1.2 ± 1.2 g cm-2 east of the Pussur River and 1.4 ± 1.1 g cm-2 west of the river and are 
statistically identical. Despite being 150 km from the active river mouth and more fully isolated 
from fresh water sources, western sites received approximately the same amount of sediment 
as eastern sites, which still have some indirect connectivity to small distributaries of the river 
system. This could be explained by elevation-related tidal flooding frequency in the western part 
of the Sundarbans. Following relaxation of monsoon set up, many of the trap sites in the remote 
western study area continue to flood during normal diurnal high tides. This allows particles 
suspended in the water column to be transported onto the forest floor twice a day, and is the most 
likely mechanism for sediment aggradation in this part of the delta.  
Table 1. General attributes of all delta plain, creek bed and 2006 floodpulse sediments 
(std dev = standard deviation).
E. Inland E. Coastal W. Inland W. Coastal
All delta 
plain 
stations 
Creek 
bed
Flood 
pulse 
Mass 
accumulation  
(g cm-2)                     
Max 5.5 2.7 3.2 4.7 NA NA
Min 0.2 0.4 0.2 0.1 NA NA
Mean ±std dev 1.2 ±1.4 1.2 ±0.9 1.2 ±1.0 1.5 ±1.3 1.3 ±1.1 NA NA
Accretion rate  
(cm yr-1)
Max 4.2 2.1 2.5 3.6 NA NA
Min 0.2 0.3 0.1 0.1 NA NA
Mean ±std dev 0.9 ±1.1 1 ±0.7 0.9 ±0.7 1.2 ±1.0 1.0 ±0.9 NA NA
Grain size (μm)
Max 42.2 41.4 30.4 48.5 45.6 27.6
Min 18.3 24.2 16.3 16.6 22.7 12.3
Mean ±std dev 28.6 ±6.4 30.3 ±5.2 23.5 ±4.7 28.5 ±10.1 27.7 ±7.2 34.4 ±8.4 19.1 ±5.9
Organic content 
(%)
Max 2.9 3.8 2.9 3.1 NA NA
Min 0.6 0.7 0.6 0.4 NA NA
Mean ±std dev 1.4 ±0.9 1.4 ±0.8 1.3 ±0.7 1.6 ± 0.9 1.43 ±0.8 NA NA
7Be activity  
(dpm g-1)
Max 1.9 1.4 1.3 1 0.9 1.4
Min 0.2 0.2 0.2 0.2 0.4 0
Mean ±std dev 0.6 ±0.6 0.8 ±0.4 0.8 ±0.4 0.5 ±0.3 0.7 ±0.4 0.5 ±0.3 0.7 ±0.3
7Be inventory  
(dpm g-1 cm-2)
Max 0.9 1.9 1.3 1.6 NA NA
Min 0 0.2 0 0.2 NA NA
Mean ±std dev 0.3 ±0.3 0.5 ±0.6 0.6 ± 1.4 0.4 ±0.4 0.5 ±0.7 NA NA
210Pbxs activity  
(dpm g-1)
Max 3.6 3.4 5.1 3.6 1.9 2
Min 0.2 0.4 0.6 0.5 0.5 0.3
Mean ±std dev 1.6 ±1.2 1.6 ±1.1 2.1 ± 1.2 1.5 ±0.9 1.7 ±1.1 1.7 ±1.14 1.3 ±0.6
210Pbxs inventory 
(dpm g-1 cm-2)
Max 2.3 3.9 3.7 4.3 NA NA
Min 0.1 0.6 0.5 0.5 NA NA
Mean ±std dev 1.2 ±0.6 1.3 ±0.9 1.8 ±1.0 1.6 ±1.0 1.4 ±0.9 NA NA
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Table 2. Location, mass accumulation values and grain size results for all delta plain and tidal creek 
bed sites.
Sample 
number Latitude (N) Longitude (E)
Mass accumulation 
(g cm-2)
Volume 
weighted 
mean grain 
size (µm)
1.1.A 22.209 89.700 1.19 26.1
1.1.B 22.209 89.700 0.34 18.3
1.1.C 22.210 89.701 0.62 32.1
1.1.D 22.211 89.701 5.51 24.8
1.2 CHAN 22.221 89.687 27.7
1.2.A 22.221 89.687 1.02 31.1
1.2.B 22.221 89.688 1.10 26.0
1.2.C 22.222 89.689 0.66 24.6
1.2.D 22.221 89.690 0.42 32.0
1.3 CHAN 22.214 89.699 38.8
1.3.A 22.214 89.700 0.37 NM
1.3.B 22.214 89.701 1.24 NM
1.3.C 22.213 89.701 0.22 42.2
1.3.D 22.213 89.701 1.89 29.1
2.1 CHAN 21.857 89.786 25.4
2.1.A 21.858 89.786 1.50 32.8
2.1.B 21.858 89.786 0.46 24.2
2.1.C 21.859 89.786 0.35 24.3
2.1.D 21.860 89.785 0.47 30.5
2.2 CHAN 21.867 89.779 33.4
2.2.A 21.872 89.779 0.69 26.9
2.2.B 21.873 89.779 1.64 30.3
2.2.C 21.873 89.778 2.16 28.9
2.2.D 21.874 89.778 0.57 NM
2.3 CHAN 21.868 89.780 28.5
2.3.A 21.868 89.779 2.30 37.1
2.3.B 21.867 89.779 0.35 41.4
2.3.C 21.867 89.779 2.69 27.8
2.3.D 21.867 89.778 1.62 28.7
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Table 2, continued
Sample 
number Latitude (N) Longitude (E)
Mass accumulation 
(g cm-2)
Volume 
weighted 
mean grain 
size (µm)
3.1 CHAN 21.881 89.322 45.3
3.1.A 21.881 89.323 0.14 26.1
3.1.B 21.881 89.324 0.41 38.7
3.1.C 21.882 89.325 0.75 34.9
3.1.D 21.883 89.326 2.30 34.1
3.2 CHAN 21.870 89.331 NM
3.2.B 21.869 89.331 4.70 16.6
3.2.C 21.868 89.331 0.59 17.1
3.2.D 21.867 89.331 2.44 22.4
3.3 CHAN 21.879 89.322 45.6
3.3.A 21.867 89.332 1.02 33.0
3.3.B 21.879 89.321 1.49 48.5
3.3.C 21.879 89.320 1.17 18.8
3.3.D 21.880 89.319 1.63 23.8
4.1 CHAN 22.082 89.255 22.7
4.1.A 21.880 89.318 2.69 27.5
4.1.B 22.095 89.244 0.81 20.7
4.1.C 22.094 89.244 0.77 18.5
4.2 CHAN 22.085 89.218 42.5
4.2.A 22.093 89.244 0.42 27.3
4.2.B 22.085 89.218 1.12 23.2
4.2.C 22.084 89.217 1.02 21.3
4.2.D 22.084 89.217 0.17 16.3
4.3 CHAN 22.094 89.225 31.9
4.3.A 22.084 89.217 3.23 30.4
4.3.B 22.094 89.225 0.99 25.1
4.3.C 22.094 89.226 1.65 19.2
4.3.D 22.094 89.227 0.34 29.2
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Figure 9. Mass sediment accumulation for all sites
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The average sediment mass accumulation value for all coastal sites was 1.4 ±1.1 g cm-2 
(east: 1.2 ± 0.9 g cm-2; west: 1.5 ± 1.3 g cm-2) and inland sites averaged 1.2 ± 1.2 g cm-2 (east: 1.2 
± 1.4 g cm-2; west: 1.2 ± 1.0 g cm-2). Although mean accumulation values are similar at all four 
stations, there is heterogeneity in depositional patterns along individual sample transects. Two 
main trends in sedimentation emerge from the transect results. First, accumulation values in half 
of the transects decreased with distance from the channel before increasing again at terminal sites. 
In these transects, terminal trap sites (i.e. those positioned farthest away from main deployment 
channels) were located ≤5 m from smaller order inland creeks. Another 40% of transects show 
an overall mean decrease of 69% in sediment accumulation from channel edges to terminal sites. 
The remaining 10% of transects contained relatively consistent values along their entire length. 
Since all trap sites in the Sundarbans received sediment, such local-scale differences indicate 
(1) smaller order streams are carrying sediment to the interior of tidal islands; flooding of these 
small internal creeks results in deposition near the creek edges, producing the observed increase 
in sedimentation at terminal sites; (2) where transects are not bound on the distal end by small 
creeks, deposition follows the expected pattern for overland flooding with decreasing deposition 
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Figure 10. Mean mass accumulation values plotted against distance from main channels of transect 
deployment, illustrating the variability in along-transect mass accumulation trends. The overall average 
mass accumulation value is 1.3 g cm-2 and is represented by the dashed line. 
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away from channel edges, and/or (3) mangrove pneumatophores may create friction resulting in 
stagnation zones, eddies, jets or other turbulence that influence mass accumulation at individual 
trap sites (Furukawa et al., 1997). Regardless of these local differences, sediment accumulation 
values are generally similar at all four stations. This suggests that larger-scale sediment 
distribution processes are operating at a similar magnitude in all parts of the lower delta plain, 
despite being geographically widespread and far from the river mouth (Fig. 10).
One notable result was that PVC pipes collected in the western Sundarbans contained 
~30% more sediment than those in the east. Field observations revealed that many western trap 
sites were regularly inundated during normal flood tides and remained water logged and slow-
draining throughout the spring-neap cycle. By contrast, trap sites on the eastern side appeared to 
have remained dry even during spring tides and were therefore fully inundated only during the 
monsoon flood season. Just as with mass accumulation, the more frequent tidal inundation and 
greater volume of pipe sediment received in the western Sundarbans can be attributed to the half-
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meter lower elevation of this area. Another piece of evidence supporting this hypothesis is the 
gross vs. net sedimentation at each trap location. Sediment accumulation recorded in pipes (the 
gross), relative to that captured in other traps (the net), reflects the total magnitude of sediment 
transported across each site on the flooding and ebbing limb of tides. Assuming there is an equal 
volume of sediment available to all parts of the Sundarbans, greater gross sediment accumulation 
at western sites reflects greater inundation depths or more frequent flooding, both of which are 
a function of elevation. Western pipes trapped almost nine times more sediment than tiles and 
turf at the same locations (gross avg 9.4 ± 4.5 g cm2 vs. net avg 1.0 g cm2). In the east, the same 
comparison resulted in a mean net accumulation of 1.3 g cm2 from tile and turf samplers, and 
a gross accumulation of 7.3 ± 4.7 g cm2  in the pipes, or approximately four times more. Since 
net accumulation is nearly the same for both eastern and western sites, the almost double gross 
sedimentation recorded in the western Sundarbans indicates sediment is carried in suspension 
over western trap sites more frequently than at eastern sites.
Grain size 
Grain size distribution has been used to infer the magnitude and type of sediment 
transport processes in depositional settings (e.g. Visher, 1969; McLaren and Bowles, 1985; Gao 
and Collins, 1992). Considering the size and complexity of the Sundarbans, grain size averages 
for delta plain and creek bed sediments fall within a narrow range of values. This suggests that 
the processes controlling deposition throughout all parts of the Sundarbans are of a similar scale. 
Sediment deposited at all delta plain sites was medium silt dominated, with mean grain sizes 
between 16.3-48.5 µm (Fig. 11). Eastern (29.6 µm) and coastal (29.7 µm ) sites have slightly 
larger mean grain sizes than those at western and inland sites (both averaged 26.0 µm), with 
western inland sites having the finest overall mean grain size (23.5 µm). Otherwise, grain size 
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Figure 11. Grain size for all sites, illustrating that there was very little clay or fine sand deposited in  
the Sundarbans.
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varies along all transects with no recognizable trends. The creek bed sediment collected by 
surface grabs also comprised medium silts, though grain sizes were larger (32.7-35.7 µm) than 
those deposited on the delta plain. This difference may reflect the friction-related decrease in tidal 
current speeds caused by mangrove roots, which inhibits transport of coarse grained sediment 
onto the delta plain (Wolanski, 1995; 1992; McCave et al., 1995). Mangrove roots also generate 
turbulence at the channel-forest boundary, keeping finer-grained sediment suspended in the 
current as it overtops channel banks and floods the delta plain surface (Furukawa and Wolanski, 
1996). However, determining transport processes from grain size trends alone is difficult in an 
area such as the Sundarbans where the hydrodynamics are unmeasured and mangrove density is 
highly variable (Gao and Collins, 1992; 1994). Despite these uncertainties, the absence of strong 
gradients in the grain size data suggests sediment is sourced from a common supply and that the 
processes controlling deposition in all parts of the Sundarbans are the same.
Organic content
Loss-on-ignition analyses provide an estimate of the organic carbon content in 
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sediment. Soil organic carbon percentages measured in this study range from 0.4 to 3.8%, and 
average 1.4 ± 0.8% in both the eastern and western Sundarbans. While this average is comparable 
to previous measurements of soil organic content from the Sundarbans (e.g. 1.7%), this value 
is very low compared to the worldwide mean of 7.9% for estuarine tropical mangrove systems 
(Donato et al., 2011). Other alluvial-deltaic mangrove systems, such as those associated with 
Indonesian (e.g. Mahakam) or South American (e.g. Orinoco) rivers have typical sediment 
organic content of 7-24 %, or up to 14 times that found in the Sundarbans (Donato et al., 2011; 
Vegas-Vilarrubia et al., 2010). The lower G-B delta plain differs from these and other tropical 
delta systems in the large siliciclastic sediment deposition, which may dilute organic material on 
the mangrove platform and inhibits peat formation and long-term sediment compaction (Allison 
and Kepple, 2001; Allison, 1998; Lynch et al., 1989).
Just as with sediment accumulation and grain size, the overall similar LOI averages 
throughout the Sundarbans are underscored by variability at the transect scale. 42% of interior 
sites (B or C) had LOI percentages up to 200% higher than sites near channels (A or D). This 
could be attributed to better preservation of organic material at low-lying interior sites that remain 
water-logged and are not flushed by tides as frequently as sites adjacent to channels or creeks.  
Half of sampling transects show fluctuations in the percentage of organic content from channel 
edges to mid-transect sites, but consistently increase by ~10% between interior sites and terminal 
sites that are ≤5 m from small order creeks. In addition, 42% of terminal sites near small inland 
creeks had the highest overall soil carbon content, as well as higher sediment accumulation, 
compared with adjacent interior sites. These results indicate smaller order creeks are effective 
in distributing organic matter, as well as sediment, throughout the interior of tidal islands. By 
contrast, sites near to larger order channels had the lowest organic content of all along-transects 
traps, suggesting organics might be diluted by sediment delivered to the delta plain via larger 
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Figure 12. Organic carbon content (LOI) for each station compared to mass accumulation values. There is a 
lack of evidence here for dilution of organic material with increased deposition, as LOI values are scattered 
across all ranges of mass accumulation. 
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channels. To assess whether these trends are a function of enrichment or dilution of organic 
material by the large siliciclastic input, mass accumulation was plotted against LOI values (Fig. 
12). This exercise produced no obvious relationship between sedimentation and organic carbon 
content, suggesting that the Sundarbans is mainly an allocthonous system wherein organic matter 
is imported on tides or during monsoon set up, and/or there is very little in-situ production. The 
lack of peat in this system supports the latter assumption (Ellison and Stoddart, 1991; Allison, 
1998). Likewise, the large tidal amplitudes, long inundation period, and low organic content 
of delta plain sediments suggest that any organic matter produced locally by the Sundarbans 
mangroves is being rapidly exported to the coastal ocean, rather than being retained (Twilley, 
1985; Kristensen et al., 2008). 
44
Beryllium-7 
Due to its short half-life (53.3 days) and affinity for particulate matter, detectable 7Be 
indicates sediment particles have been ‘tagged’ within 5 half-lives (~ 6 months) of 7Be. This 
makes 7Be useful for studying the seasonal-scale transport of newly-eroded fluvial sediment 
discharged to the marine environment (e.g. Eel Shelf [Sommerfield et al., 1999]; Changjiang 
Estuary [Du et al., 2010]). Gamma spectroscopy results indicate that about half of the sediment 
collected in traps during the 2008 monsoon season had detectable, but often relatively low, levels 
of 7Be. Measurable activities of delta plain 7Be ranged from the detection limit of 0.2 dpm g-1 
to 1.9 dpm g-1. Average activities were calculated excluding values below the detection limit 
and were very similar at all four study areas, ranging from 0.5 ± 0.3 dpm g-1 to 0.8 ± 0.4 dpm g-1 
(Table 3). Traps containing sediment with detectable 7Be were equally distributed among the four 
sampling stations, and each transect included at least one site with detectable 7Be. Additionally, 
7Be was present on sediment in 98% of traps at terminal sites. 
These patterns suggest deposition on all parts of the lower delta plain, including interior 
sites up to 200 m from channels, contains sediment potentially sourced from the flood pulse. 
However, given the fallout nature of 7Be, these activities could have also resulted from localized 
atmospheric delivery. To test this possibility, 7Be inventories are compared to mass accumulation 
values. If the 7Be on delta plain sediments are derived principally from the flood pulse, the 
nuclide inventory is expected to increase with increased sedimentation. The inventory of 7Be for 
the 8-month sampling period is calculated by multiplying total measured activity by the sediment 
mass accumulation at each sample site and represents a non-decay corrected radionuclide flux 
over the sampling period. Inventory results range from 0.2 to 1.9 dpm cm-2 in eastern sites, and 
0.2 to 1.6 dpm cm-2 in the west. Because 7Be is particle bound and preferentially sorbs to fine-
grained sediments, 7Be inventories can vary with grain size. To test for the influence of grain size, 
Table 3. 7Be and 210Pb activity and inventory values and 7Be/210Pb activity ratios measured on sediment 
deposited on the delta plain and on tidal creek banks during the 2008 monsoon.  
Sample 
number
 7Be Activity      
(dpm g-1)
7Be inventory   
(dpm cm-2)
210Pbxs Activity  
(dpm g-1)
210Pbxs 
inventory    
(dpm cm-2)
7Be/210Pbxs
1.1.A 0.01 0.01 0.63 0.70
1.1.B 0.40 0.14 3.28 1.10 0.10
1.1.C 0.23 0.14 2.30 1.40 0.10
1.1.D 0.16 0.88 0.42 2.30 0.40
1.2 CHAN BD BD
1.2.A 0.27 0.28 1.34 1.40 0.20
1.2.B 0.19 0.00 0.70 0.80 0.30
1.2.C 0.46 0.30 2.53 1.70 0.20
1.2.D 1.32 0.55 2.73 1.10 0.50
1.3 CHAN BD BD
1.3.A 1.89 0.70 3.55 1.30 0.50
1.3.B 0.32 0.40 1.12 1.40 0.30
1.3.C BD BD 0.63 0.10
1.3.D BD BD 0.23 0.40
2.1 CHAN 0.39 1.82 0.21
2.1.A BD BD 0.62 0.90
2.1.B 1.37 0.63 3.39 1.60 0.40
2.1.C 0.84 0.29 2.74 1.00 0.30
2.1.D 0.87 0.41 2.69 1.30 0.30
2.2 CHAN 0.37 1.53 0.24
2.2.A BD BD 1.36 0.90
2.2.B BD BD 0.36 0.60
2.2.C BD BD 0.45 1.00
2.2.D 0.37 0.21 1.53 0.90 0.20
2.3 CHAN 0.9 1.91 0.47
2.3.A 0.69 1.58 0.63 1.40 1.10
2.3.B 1.25 0.44 2.83 1.00 0.40
2.3.C 0.70 1.88 1.45 3.90 0.50
2.3.D 0.36 0.58 0.57 0.90 0.60
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Table 3, continued
Sample 
number
 7Be Activity      
(dpm g-1)
7Be inventory   
(dpm cm-2)
210Pbxs Activity  
(dpm g-1)
210Pbxs 
inventory    
(dpm cm-2)
7Be/210Pbxs
3.1 CHAN BD BD
3.1.A BD BD 3.56 0.50
3.1.B BD BD 2.49 1.00
3.1.C 0.27 0.20 1.73 1.30 0.20
3.1.D 0.13 0.30 0.73 1.70 0.20
3.2 CHAN BD 0.86
3.2.B 0.34 1.60 0.91 4.30 0.40
3.2.C 0.71 0.42 1.78 1.10 0.40
3.2.D 0.20 0.49 0.54 1.30 0.40
3.3 CHAN 0.53 1.76 0.30
3.3.A BD BD 1.04 1.10
3.3.B BD BD 0.94 1.40
3.3.C 0.96 1.12 1.89 2.20 0.50
3.3.D 0.36 0.59 0.98 1.60 0.40
4.1 CHAN BD 4
4.1.A 0.48 1.29 1.11 3.00 0.40
4.1.B 0.98 0.79 2.77 2.20 0.40
4.1.C 1.26 0.98 2.67 2.10 0.50
4.2 CHAN 0.48 0.46 1.04
4.2.A 0.07 0.03 1.97 0.80 0.00
4.2.B 0.44 0.49 1.27 1.40 0.30
4.2.C 0.50 0.51 1.16 1.20 0.40
4.2.D 1.33 0.23 5.06 0.90 0.30
4.3 CHAN 0.4 1.32 0.30
4.3.A 0.05 0.16 0.55 1.80 0.10
4.3.B 0.75 0.74 2.18 2.20 0.30
4.3.C 0.64 1.06 2.27 3.70 0.30
4.3.D BD BD 1.50 0.50
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7Be inventories for each site were normalized to 50% clay after Goodbred and Kuehl (1998). This 
exercise did not significantly change our correlations, probably because the range of grain sizes in 
the present study is relatively small. 
After ruling out the influence of grain size on 7Be results, the inventories were 
then plotted against sediment mass accumulation. Inventories are positively correlated with 
accumulation from below detection to 1.6 (1.9) dpm cm-2 in the west (east) indicating 7Be is 
coming from tagged flood pulse sediment rather than atmospheric flux at collection sites (Fig. 
13). If atmospheric fallout of 7Be over the study area was comparable to that derived from flood 
pulse sediments, the inventory would be negatively correlated or vary independently of mass 
accumulation. This interpretation is further supported by the observation that 7Be activities (e.g. 
0.4-0.9 dpm g-1) on all but one of the creek bed samples were within the range of activities on 
delta plain sediments. This result can only be produced when sediment deposited within infilling 
tidal creeks during the monsoon is sourced from the same place as the sediment accumulating on 
the delta plain. If 7Be was delivered via direct fallout over the Sundarbans, then activities on tidal 
creek sediments would be lower than those measured on the delta plain due to dilution of the 7Be 
signature by 7Be-deficient particles in the water column.   
Lending further evidence that sediment deposited on the delta plain during the 
sampling period was sourced from the monsoon flood pulse, activity values on sediment from 
both the creek bed (0.4 - 0.9 dpm g-1) and delta plain (0.2 - 1.9 dpm g-1) are near or within the 
range of 7Be activities measured on suspended river and offshore sediments collected during the 
2006 monsoon flood (0.6 - 1.4 dpm g-1) (Fig. 14). Of the suspended sediment collected during the 
2006 flood pulse, the only samples tagged with detectable 7Be were from the Brahmaputra River 
(1.4 dpm g-1) and on the inner shelf, 5 km offshore of the Pussur River (0.6 dpm g-1) (Table 4). All 
other sample activities were either below detection or equal to or below the associated margin of 
error. This is likely the result of dilution of newly-tagged sediment with 7Be-deficient particles 
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Figure 13. Comparison of 7Be inventory to mass accumulation showing overall increase with increasing 
sediment deposition, lending further evidence of a terrestrial flood pulse source of 7Be rather  
than atmospheric.
48
eroded from channel banks below the depth at which active 7Be is normally found (<2 cm), or 
from resuspended older bottom sediments (Matisoff et al., 2002; 2005). Nonetheless, detectable 
7Be on Brahmaputra and offshore suspended sediments indicates that the river(s) are rapidly 
transporting sediment eroded from the surface of the catchment or upper floodplain to the river 
mouth, and are discharging these suspended 7Be-tagged sediments onto the shelf in the  
river plume. On the shelf, the plume is dispersed alongshore and offshore by tides, waves and 
currents and locally transported back onshore into tidal creeks and eventually deposited onto the 
delta plain. 
One final trend observed in the 7Be results reflects the elevation differences between 
the eastern and western study areas. Despite being ~ 50 km from the coast, both inland stations 
had the overall highest percentage of traps containing sediment tagged with detectable 7Be (i.e. 
75% of traps at each location). However, mean activities at western inland sites were 20% higher 
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Figure 14. Detectable 7Be activities for 2008 delta plain sediment samples and suspended sediment 
collected during the 2006 floodpulse (dashed lines). 2008 activity values fall within the range of activities 
on sediment deposited in the Sundarbans during the 2006 monsoon season
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than at eastern inland sites, although both inland stations received the same amount of sediment 
(~1.21 g cm-2). The higher average activities at western inland sites are most likely due to the 
lower elevation of the western Sundarbans. Coupled with tidal asymmetry, the 0.5 m lower 
elevations in the west enable the influx of sediment onto the western inland delta plain for several 
months following floodwater cessation. This results in concentration/enrichment of 7Be-tagged 
particles at western inland trap sites and therefore higher mean activities.
Lead-210
Just as 7Be is an effective tracer of suspended sediment dynamics on seasonal time 
scales, the 22.3-year half life of 210Pb makes it useful for studying rates of erosion, transport and 
deposition on time scales of 100 years or less. Traditionally, 210Pb geochronology has been applied 
Table 4. Radioisotope activities, activity ratios and grain size data for suspended sediment  
(2006 flood pulse).
Location 210Pbxs (dpm g
-1) 7Be (dpm g-1) 7Be/210Pbxs
Volume 
weighted mean 
grain size ± std 
dev (µm)
Activity err (+/-) Activity err (+/-)
River
Ganges 0.3 0.6 BD* BD BD 13.4 ±0.3
Brahmaputra (east bank) 2.0 0.8 0.7 0.4 0.4 19.3 ±0.6
Brahmaputra (west bank) 1.9 0.9 1.4 0.5 0.7 21.0 ±1.2
Padma 0.3 0.7 BD BD BD 16.2 ±3.1
Distributary
Bairab 0.7 0.8 0.4 0.4 0.6 17.4 ±3.4
Inner shelf  
5 km offshore of Pussur 
River
1.2 0.7 0.6 0.3 0.5 13.2 ±0.2
Tidal creek
Flood tide BD BD BD BD BD 15.9 ±0.5
EbbTide 1.0 0.7 0.2 0.3 0.2 17.1 ±0.5
* Below detectable limits
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to sediment cores collected in lacustrine, marine and floodplain settings to determine decadal-
scale accretion rates (e.g. Wallbrink and Murray, 1993; Matisoff et al., 2002; He and Walling, 
1996; Aalto and Nittrouer, 2012). Here, 210Pb
xs 
activities are evaluated to identify the potential 
sources of sediment seasonally accreting on the delta plain surface. 
Mean 210Pb
xs
 activities for the Sundarbans delta plain range from 1.6 ± 1.12 eastern 
sites) to 1.8 ± 1.08 (western sites) dpm g-1, with western inland sites having the highest mean 
activity value of all stations (2.0 ± 1.22 dpm g-1) (Table 3). These values are near or within 
the range of average 210Pb
xs
 activities measured on suspended sediment collected during peak 
discharge along the entire transport path from the Brahmaputra river channel to tidal creeks 
(0.7 - 1.9 dpm g-1). Delta plain activity values are also very similar to 210Pb
xs
 activities on surface 
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sediment (<10 cm) in the Brahmaputra floodplain and in the central delta plain ~80 km northeast 
of the Sundarbans (1.5 - 2.1 dpm g-1) (Goodbred and Kuehl, 1998). The consistency of 210Pb
xs
 
values throughout these geomorphically diverse settings of the delta suggests: 1) the rivers are 
carrying sediment eroded from the catchment, channel banks or Brahmaputra floodplain that 
was exposed at the surface within <100 yrs; 2) river processes are effectively redistributing these 
sediments throughout the delta by overbank flooding and channel avulsion, and 3) flood pulse 
sediment seasonally accreting in the Sundarbans is sourced from the catchment, river channel 
banks or upper floodplain. This also indicates there is minimal enrichment of 210Pb
xs
 at any of 
these locations. For comparison, the highest 210Pb
xs
 activities recorded in the upper floodplain 
(i.e. ~4.5 dpm g-1) were measured at the surface of cores taken in low-lying, perennially flooded 
areas that are removed from river processes, locally called ‘bils’ (Goodbred and Kuehl, 1998). 
The bils act as isolated micro-catchments for runoff in the basin, and therefore atmospherically-
sourced nuclides can become concentrated there. The remote location of the bil sites and their 
disconnection from the river system prevents them from contributing 210Pb
xs
–tagged sediment 
to the flood pulse. Since atmospheric delivery over the floodplain is assumed to be evenly 
distributed, the similarity between activity values on surface sediments from all other settings in 
the delta suggests 210Pb
xs 
 flux to the lower delta plain is dominated by particles sourced from  
the catchment or upper floodplain, rather than from areas of 210Pb
xs 
enrichment (Goodbred and 
Kuehl, 1998). 
The positively correlated relationship between 210Pb
xs 
inventories and sediment mass 
accumulation (Fig. 15) indicates that the total amount of 210Pb
xs
 at trap sites increases with 
additional sediment input. This result is possible only if the dominant source of 210Pb
xs
 is sorbed 
to incoming sediments. Just as with 7Be, localized atmospheric input of 210Pb
xs
 would have caused 
the inventory to vary independently of mass accumulation, and higher sedimentation would have 
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Figure 15. Comparison of 210Pb
xs
 inventory to mass accumulation showing overall increase with increasing 
deposition, lending further evidence of a terrestrial flood pulse source of 210Pb
xs
 rather than atmospheric.  
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had no effect on total inventory of 210Pb
xs
. These patterns therefore support a flood pulse origin, 
rather than direct atmospheric fallout, for the 210Pb
xs
 on lower delta plain sediments. Likewise, 
mean creek bed 210Pb
xs  
activity (1.5 dpm g-1) is nearly identical to delta plain activities, suggesting 
a similar origin for sediments deposited in both settings. This also indicates there is minimal 
dilution of the 210Pb
xs
 signal in tidal creeks by older (>100 yrs) particles, which would effectively 
lower mean creek bed 210Pb
xs  
activities relative to delta plain activities. 
To further test that 210Pb
xs 
sorbed to Sundarbans sediment is primarily sourced from the 
flood pulse, the activity ratio of 210Pb
xs 
/210Pb
supported 
is plotted against 7Be activities on sediments 
collected from the delta plain and creek beds, as well as offshore during peak discharge (Fig. 16). 
The 210Pb
xs 
/210Pb
supported 
activity ratio provides an estimate of the enrichment of 210Pb
xs 
relative to 
the background inventory, which could result from both direct atmospheric fallout and deposition 
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Figure 16. Activities of 7Be plotted against 210Pb
xs
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supported
 for delta plain and creek bed sediment, and for 
suspended sediment collected offshore during the 2006 flood pulse, that were tagged with detectable 7Be 
(i.e. >0.2 dpm g-1).
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of 210Pb
xs  
-tagged sediment. We would expect the 210Pb
xs
/210Pb
supported
 activity ratio to increase 
concomitant with increasing 7Be activities if particles sorbed with both nuclides are sourced 
from the catchment or upper flood plain, and are transported and deposited together by the same 
mechanism. While the results of this exercise produced a few outlying data points, the overall 
trend reflects an increase in the 210Pb
xs
/210Pb
supported
 activity ratio as 7Be activities increase. This 
strongly suggests that the monsoon-season riverine flood pulse is the principal source of both 
nuclides to the Sundarbans.
7Be/210Pbxs activity ratio
Because 7Be and 210Pb
xs 
have different half lives and rates of flux to the earth’s surface, 
their activity ratio is useful for studying sediment transport in estuarine settings. Among the 
important attributes of these radionuclides: 1) both are efficiently scavenged by particles in 
54
the water column and land surface, thus differences in their activity ratio is not influenced by 
mineralogy or grain size (Baskaran et al., 1997); 2) once tagged with atmospheric 7Be and 210Pb, 
the activity ratio of 7Be/210Pb
xs 
in sediment can decrease by decay of 7Be, and/or by dilution of 
particles deficient in either radionuclide, including dilution by older reworked fluid muds (Koch 
et al., 1996); and 3) the 7Be/210Pb
xs 
activity ratio generally decreases from source to sink due 
to increased dilution of comparatively shorter-lived 7Be downstream of the original tag site. 
Here we evaluate how the 7Be/210Pb
xs  
activity ratio evolves across the fluvial-coastal-delta plain 
continuum, which is expected to reveal how ‘annual’ and ‘recent’ sediment sources are mixing 
along this pathway. 
Figure 17 shows how individual activities of 7Be and 210Pb
xs
 and the activity ratio 
of 7Be/210Pb
xs
 in suspended sediment change from the river to the lower delta plain. Samples 
collected in 2006 during peak discharge along river channels, a distributary of the Ganges, ~5 
km offshore, and within a tidal channel are compared to creek bed and delta plain sediments 
deposited during the 2008 monsoon. Although the activities of 7Be and 210Pb
xs 
fluctuate along 
the source to sink path, they exhibit positive covariance. In a study of floodplain sedimentation 
patterns, Goodbred and Kuehl (1998) found that 210Pb
xs 
 and 137 Cs activities covaried despite their 
very different atmospheric flux histories, leading them to conclude that both nuclides must have 
been sourced from the same place, i.e. the catchment, rather than localized meteoric fallout. Both 
the results of this study and of Goodbred and Kuehl (1998) suggest that river sediment deposition 
is the dominant source of 210Pb
xs 
to the Bengal basin system. The activity ratio of 7Be/210Pb
xs
 
generally decreases from the river basin to the coast further suggesting that the radionuclides 
were sorbed to the sediments in the catchment, and were then eroded and transported by the river 
to downstream sampling areas, as opposed to being sourced by localized atmospheric deposition.
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Figure 17. Average values of 7Be, 210Pb
xs
 activities and the activity ratio of 7Be/210Pb
xs
 from source to sink. 
Individual nuclide activities follow same relative trend, while activity ratio decreases along source to sink 
path reflecting dilution/decay of 7Be, or enhancement of 210Pb
xs
.
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Discussion
Results from these data suggest the following interpretations, which are discussed 
in detail in this section: 1) active sedimentation occurs throughout the Sundarbans region of 
the lower Ganges-Brahmaputra Delta during the summer monsoon; 2) rates of deposition and 
key sediment characteristics are locally heterogeneous but similar at the regional scale, and 3) 
sediment delivered to the Sundarbans is transported onshore and derived from a mix of new (<6 
months), seasonally discharged flood pulse sediment and older sediment (>1 yr) eroded from 
offshore or along the channel systems. Taken together, these findings suggest the lower delta plain 
of the G-B delta is acting as a coherent depositional system that is rapidly accreting from the 
onshore transport of sediment sourced from both the seasonal river flood pulse and the erosion 
and reworking of older coastal sediments. 
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Elevation and sedimentation 
The relationship between elevation and sedimentation has been documented for both 
salt marshes and mangrove forests (Reed, 2002; Reed et al., 1999; Adame et al., 2010; French 
and Spencer, 1993). Short term sedimentation rates increase on platform surfaces as tidal depth, 
flooding duration, and frequency of inundation increase. Surface height (i.e. the elevation of the 
marsh or mangrove platform relative to the flooding depth) is a first-order control on the depth 
and length of inundation. Sedimentation in the more remote western part of the Sundarbans can 
be explained by these same principles. The mean elevation of the forest floor in the western 
Sundarbans is ~0.5 m lower than in the east. Lower elevations in the west enable year-round 
tidal inundation, whereas higher elevations in the east prohibit flooding except during dry-season 
spring tides and wet-season tidal inundation enhanced by sea level set up. The more frequent, 
longer-period tidal inundation of the western mangrove platform is enabling accretion in this 
part of the delta plain, which lost its connection to active river distributaries when the ancestral 
Ganges migrated east to its present position ~0.2-4 kya (Allison et al., 2003). Although the 
eastern Sundarbans is higher in elevation, it is more proximal to river distributaries that flood 
during the monsoon and may be receiving sediment through more distributive pathways that are 
not available to the western lower delta. 
The influence of elevation on sedimentation in the western Sundarbans is evident in 
the ~30% higher gross sediment accumulation captured in PVC pipes installed in the western 
delta plain compared to those collected in the east. Suspended sediment movement across 
the delta plain can only occur when the mangrove forest floor is submerged by water. Net 
mass accumulation values are comparable at all locations, indicating there is an equal volume 
of sediment available for deposition in all parts of the delta plain and that the magnitude of 
distribution processes is similar throughout. The higher gross sedimentation captured by PVC 
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pipes in the western Sundarbans is tied to the more frequent inundation here, and also suggests 
there is slower drainage of sediment laden floodwater. The tidal range is consistent across the 
Sundarbans, therefore higher gross sedimentation in the west can only be due to lower elevations. 
Grain size trends
In the absence of hydrodynamical data, the overall grain size averages at each location 
and individual along-transect trends provide insight to the processes distributing sediment 
throughout the Sundarbans. For example, despite being the farthest away from the active river 
mouth (> 200 km), western inland sites are accreting as much sediment during the flood pulse 
as the other three sites. However, the mean western inland grain size is ~25% lower than the 
average size of sediment being received at the other three stations (Table 1). This illustrates the 
effectiveness of flood-dominant tidal asymmetry in advecting fine-grained sediment to remote 
onshore locations (Wells, 1995; Lazoni and Seminara, 2002).  
At the transect scale, sediment delivery to terminal sites may have been directly by 
nearby small order streams, or through the combined overbank flooding of larger channels and 
interior inundation via smaller inland creeks. Evidence for the latter (flooding of both overbank 
and interior channels) is given by the grain size distribution patterns. Mean grain size of western 
inland sites decreases by an average of 63% with increasing distance from main channels, with 
a slight increase in grain size at terminal sites. The lateral decrease in grain size away from 
main channels is expected for overbank flooding, as the relatively coarse grained fraction is 
preferentially deposited nearer to the main channel. However, the slight increase in grain size 
at sediment collected from terminal sites suggests a more proximal channel source, likely from 
the nearby small-order tidal channels. These patterns indicate tides are effective in distributing 
sediments from both main channels and smaller order streams to the interiors of the delta plain, as 
well as to more typical proximal overbank settings. 
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Along-transect sedimentation patterns 
Similar to grain size data, overall mass accumulation patterns were consistent across 
the Sundarbans region, though transect-scale heterogeneities in accretion reflect smaller, local-
scale sediment distribution processes. Sediment is delivered to the Sundarbans through main tidal 
channels, and locally distributed by smaller streams that dissect tidal islands, as indicated by the 
increase in sedimentation and the presence of 7Be on sediment at many terminal sampling sites. 
The increase in mass accumulation at terminal sites implies that smaller order inland creeks and 
tidal drainage gullies that fill and flood during spring tides are carrying significant amounts of 
sediment to the interior of the mangrove forest. This kind of depositional pattern would result in 
higher elevations along the edges and lower elevations in the interior of tidal islands, and was 
inferred throughout the western part of the study area where interior sample sites (B and C) were 
wetter than sites at the edges of transects (A and D). By contrast, transects wherein sediment 
accumulation decreased laterally away from main channels reflects the loss of mass with distance 
from overbank flooding (Walling and He, 1998). Depositional patterns may also be locally 
controlled by sediment trapping and microtopography from eddy scouring around mangrove roots 
(Wolanski, 1995). Local-scale differences such as these may differ from year to year, depending 
on the rate of infilling of small tidal creeks and changes in topography and vegetation. However, 
since sedimentation values were nearly the same everywhere, local variations appear to have 
minimal impact on the overall distribution of sediment throughout the Sundarbans.
Tide gauge data vs. accretion rates
In order to place mass accumulation in the context of delta stability and sea level rise,  
accretion rates are compared to tide gauge data from the Bengal coast. There are three principal 
tide gauge stations across the delta front, and all available data for these stations is presented with 
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differing rates of relative sea level rise (RSLR) (Fig. 18). Two 24-year tide-gauge records near 
the study area yield local rates of RSLR of 0.5 cm yr-1 at Hiron Point and 1.5 cm yr-1 at Kepupara. 
A third tide gauge (Hatia), ~140 km to the east of the study area in the river mouth estuary, gives 
a local rate of RSLR 0.5 cm yr-1 over a 21-year period (PSMSL 2002, 2005). The origin of the 
high rate recorded at Kepupara near our eastern study sites is not known and may represent a 
local maximum related to subsidence or compaction. However, given uncertainties regarding 
the cause for these varying tide gauge results, we take 1.5 cm yr-1 and 0.5 cm yr-1 as maximum 
and minimum rates for local RSLR in the study area and 1.0 cm yr-1 as the average. It should be 
noted that these records reflect measurements just over a single complete lunar nodal cycle (18.6 
yrs), which is the period it takes for the moon’s orbit to cross the apparent path of the sun. The 
accuracy of RSLR estimates is considerably improved when records covering at least two lunar 
cycles are used. This accounts for water fluctuations caused by astronomical effects, as well as 
non-tidal influences on RSLR such as river discharge, wind, or changes in currents (Hicks, 1968). 
By comparison, tide gauge data along the eastern coast of India (42 yr records) indicate average 
RSLR rates of 0.1 cm yr-1. The difference between these rates and those measured on the Bengal 
coast could be due to enhanced compaction or subsidence along the G-B delta front due to the 
massive sediment load discharged at the river mouth. In other deltaic settings, average rates of 
RSLR near e.g. the Yangtze River mouth delta  (44 yr record), and along the coast of the Mekong 
Delta (22 yr record), are 0.5 cm yr-1. However, average rates of RSLR for the Mississippi Delta 
(64 yr record) is ~ 0.8 cm yr-1, which is more rapid than the dominant rate along the Bengal 
Coast (i.e. 0.5 cm yr-1), and could be caused by groundwater and hydrocarbon extraction in the 
northern Gulf of Mexico (Kolker et al., 2011; PSMSL 2002; 2005). Despite the relatively short 
length of available data records for all three Bengal coast tide gauges, and excluding the uncertain 
measurement at Kepupara, the overall RSLR do not suggest regionally rapid rates of sea level rise 
compared to records from other large river systems.
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Accretion rates are calculated by dividing mass accumulation by the bulk sediment 
density, estimated to be 1.3 g cm-3 (Allison and Kepple, 2001). The overall accretion rate in 
the Sundarbans is 1.0 ± 0.87 cm yr-1 and suggests that vertical sedimentation is generally in 
equilibrium with average rates of RSLR at the Bengal coast (~1.0 cm yr-1 including Kepupara; 
excluding Kepupara, RSLR is 0.5 cm yr-1, half the rate of accretion). However, spatial variations 
in annual deposition could result in a non-uniform response of the lower delta plain to increased 
sea level. For instance, in the parts of the delta where sedimentation is highest near the edges 
of tidal creeks relative to interior sites (~50% of all transects), the fringe of tidal islands may 
keep pace with sea level rise due to enhanced sedimentation while the interior of the forests may 
become increasingly water logged and slow draining (Andersen et al., 2011). Nonetheless, the 
large and evenly-spread mean sedimentation recorded throughout all parts of the Sundarbans 
suggests these local variabilities may average out over decadal time scales. Comparisons of 
satellite data against historical shoreline survey charts indicate that despite net land loss of ~370 
km2 along the western delta front, the morphology of the Sundarbans has remained largely 
consistent for at least 200 years (Allison, 1998). Local-scale differences in sedimentation  
patterns have likely occurred throughout the delta’s history; however, it is the evenly distributed 
regional-scale sedimentation that has sustained the ‘abandoned’ lower delta plain’s overall 
elevation above RSLR. 
7Be/210Pbxs activity ratio and sources of dilution sediment
Figure 17 illustrates that 7Be/210Pb
xs
 ratios are higher for the fluvial ‘source’ 
sediments than those deposited on the coastal delta-plain ‘sink’, indicating 7Be-tagged 
sediments are diluted by 7Be-deficient sediments along the coast and within tidal channels. 
Although the activity ratio increases slightly from suspended tidal creek sediments 
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to surface sediment collected from creek beds, the overall activity ratio of 7Be/210Pb
xs
 
decreases from the river to the delta plain. This pattern of decreasing activity ratio along the 
‘source’ to ‘sink’ path is expected in settings where sediment is increasingly diluted by 7Be-
deficient particles downstream of the original tag site (Matisoff et al, 2005). The activity 
ratio is lowest on suspended tidal channel sediments, which is also where the lowest 
activity of 7Be is recorded along the fluvial to delta plain pathway. This confirms tidal 
creeks are transporting 7Be-deficient sediment that is diluting the overall 7Be signal. 
7Be- deficient sediments may originate from several possible sources. One source 
may be muds seasonally stored on the inner shelf landward of the 20 m isobath that overlies the 
coarse-grained topset beds of the subaqueous clinothem (Kuehl et al., 1989). Based on estimates 
by Kuehl et al. (1989) and from field observations (this study), the seasonal discontinuous mud 
drape on the Bengal shelf is estimated to be between 0.05-1 m thick. Taking a conservative 
estimate of 0.05 m and integrating over half of the inner shelf from <20 m water depth (~5000 
km2), the mud drape accounts for at least 32.5 x 106 metric tons of sediment, which is equivalent 
to ~5% of the load annually discharged at the river mouth. In any given year, the mud drape is 
a composite of fine-grained sediment eroded from the catchment, upper floodplain and channel 
banks that is transported to the shelf during that season’s monsoon flood, plus older particles 
derived from prior floods. The mud drape may also include offshore marine sediments imported 
during set up, storms or on tidal currents. During the monsoon season, when river discharge 
and wave activity are high, the fine-grained sediment mixture is kept in suspension by wave 
and tidal pumping until the energy relaxes and sediment grains begin to settle out of the water 
column onto the sea bed. The resulting mud layer is temporarily stored on the inner shelf until it 
is episodically reactivated, eroded and redistributed during dry season wind events and storms, 
or during subsequent monsoon seasons (Segall and Kuehl, 1992; Kuehl et al., 1989). Every year, 
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7Be-deficient sediments in the mud drape are lofted into the water column and mixed with newly 
7Be-tagged sediment discharged at the river mouth. This annual mixing serves to lower the overall 
detectable 7Be on suspended sediments in the water column that are transported from the inner 
shelf into tidal creeks and on to the delta plain. 
Multiple sorption sites on silt-sized grains allow 7Be and 210Pb
xs 
 to be simultaneously 
present on any given sediment particle. This means that although the 7Be on a sediment grain 
decays within 6 months, it may still contain detectable 210Pb
xs
. This 7Be-dead sediment dilutes 
the 7Be signal on delta plain sediments, just as older sediment particles tagged >100 yrs ago 
(i.e. deficient in both 7Be- and 210Pb
xs
) can dilute the activities of both nuclides. In a previous 
investigation of the Sundarbans’ sedimentation history, Allison and Kepple (2001) observed that 
total down-core averaged 210Pb activities were within the detection limits of its effective parent, 
226Ra, making it impossible to quantify the contribution of 210Pb
xs
 to the total 210Pb measured on 
lower delta plain sediments. They assumed that their 210Pb
xs
 activities were very low,  potentially 
the result of dilution of the 210Pb
xs
 signal with 210Pb
xs
-deficient particles. The principal sources 
of 210Pb
xs
-deficient sediment aged >100 yrs are deeply eroded (>20 cm) channel bank or bottom 
sediments, or older reworked shelf deposits. One way of testing whether older dilution sediments 
are sourced from these areas is to compare delta plain 210Pb
xs
 activities to that on sediment 
collected from cores taken in channel banks or on inner shelf sediments. Since measurements of 
channel bank nuclide activities in this study are limited to surface grab samples in Sundarbans 
channels, we rely on previously published nuclide results from the inner shelf to test if dilution 
sediments are sourced offshore.  
While the mean 210Pb
xs
   activities measured on G-B sediments in the floodplain (e.g. 
Goodbred and Kuehl, 1998) and in the Sundarbans (present study) are higher than those measured 
by Allison and Kepple (2001), they are lower than 210Pb
xs 
values on Bengal shelf sediments. 
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Sediments collected at the surface of cores (<10 cm) taken from the western inner shelf ~40 km 
from the Sundarbans coast had mean 210Pb
xs
 activities of ~2.25 dpm g-1 (Kuehl et al., 1989). In 
a separate study, Michels et al. (1998) determined average 210Pb
xs 
activities at the seabed to be ~ 
4.00 dpm g-1 at the upper canyon head, ~60 km from the coast. These values are higher than mean 
surface 210Pb
xs
 activities measured on other continental shelves located at the mouth of large rivers 
(e.g. Yangtze: 1.5 dpm g-1 [Liu et al., 2006]; Amazon: 1.0 dpm g-1 [DeMaster et al., 1986]). The 
higher activities for the Bengal shelf sediments could be explained by the massive sediment load 
of the G-B Rivers discharged to the shelf, which would concentrate 210Pb
xs 
activities here. With 
each seasonal flood, any 210Pb
xs 
 lost from decay on particles older than 100 yrs is replaced with 
active 210Pb
xs
 on sediment recently eroded and transported to the river mouth, thus the supply rate 
of 210Pb
xs 
 to the shelf by the yearly flood pulse is always greater than the rate of decay. Marine 
particles could also be scavenging 210Pb
xs 
 from the water column on the Bengal shelf, though 
this contributes very little to total 210Pb
xs 
measured on shelf sediments relative to that imported on 
flood pulse sediments. The higher 210Pb
xs
 activities on inner shelf sediments compared to those 
on the lower delta plain indicate dilution sediments of 210Pb
xs
-tagged flood pulse sediment are 
most likely resuspended cannibalized older deposits within tidal channels. If 210Pb
xs 
 on delta plain 
sediments was sourced from the large pool of detectable 210Pb
xs 
on inner shelf deposits, delta plain 
and suspended tidal creek activities would be higher than those measured in the 2006 flood pulse 
and on the Brahmaputra floodplain. While reworked older shelf sediments may be contributing a 
small fraction of 210Pb
xs 
-deficient dilution particles to the Sundarbans, the above results suggest 
that the majority is coming from localized deep scouring of tidal channels. 
Relative source contributions  
It is instructive to estimate the contribution of ‘annual’ flood pulse sediment to the total 
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seasonal sediment input to the delta plain. To review, ‘annual’ sediment is defined as that tagged 
with 7Be in shallow soils of the catchment or in river channels within ~6 months prior to being 
analyzed on our gamma detectors (Matisoff, 2005). A rough estimate of the amount of ‘annual’ 
sediment in the mass accumulated at each site is made by dividing mean 7Be activities of delta 
plain samples by the average detectable 7Be activity measured on suspended sediments from 
the river and offshore plume (Table 5). The result of this calculation indicates individual trap 
samples contained from 0 to >100% annual flood-pulse derived sediments, with an average of 
63%. Despite being the farthest away from the active river mouth, western inland sites contained 
the highest fraction of annual sediment derived from the surface of the catchment (76%). This 
is statistically equivalent to that received by the eastern coastal sites located closer to the river 
mouth (77%). This indicates that up to three-quarters of the sediment deposited on the lower delta 
plain was sourced from surface particles eroded in the catchment or upper floodplain within 6 
months of the 2008 monsoon flood. The remaining ~25-50% are 7Be-deficient sediments, though 
they contributed relatively less to overall accumulation. As previously discussed, sediments 
diluting the 7Be signal can either be sediment particles with a ‘recent’ (<100 yrs) fluvial signature, 
or eroded particles >100 yrs old.  
Eastern coastal sites received the highest overall percentage of ‘annual’ 7Be-tagged 
sediment (77%), but had the coarsest mean grain size (30.3 µm) of all stations. Proximity to the 
river mouth may explain why more coarse grained ‘annual’ sediment is reaching eastern coastal 
stations; however, the high mean grain size also suggests a proximal source for dilution particles, 
probably from ongoing deep scour of shallow tidal creeks adjacent to the mangrove platform. 
Western inland sites contained a percent weight of 7Be-tagged particles nearly equivalent to that 
of eastern coastal sites, yet western stations had the smallest mean grain size (23.5µm). This 
illustrates that tides are effective in transporting both plume sediments and fine-grained 7Be-
Table 5. Percent of delta plain sediments tagged and eroded from catchment or upper floodplain surface 
within ≤6 months.
Floodpulse E inland E coastal W coastal W inland
Mean 7Be activity 1.05 0.6 0.8 0.5 0.8
Standard deviation ±0.6 ±0.4 ±0.3 ±0.4
Percent of total 55% 77% 45% 76%
Mass accumulation (g cm-2) 1.2 1.2 1.5 1.2
Standard deviation ±1.4 ±0.9 ±1.3 ±1.0
Overall mean 63%
Eastern stations (mean) 69%
Western stations (mean) 60%
Inland stations (mean) 69%
Coastal stations (mean) 61%
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deficient dilution sediment eroded locally or on the inner shelf to the low-lying western  
delta plain. 
The relative contributions of ‘annual’ and ‘older’ sediments deposited at each station 
may reflect the dominant transport processes and morphology at each setting, but overall the 
results discussed here (Fig. 19) emphasize that overall accretion in the lower delta plain is 
dominated by ‘annual’ flood pulse sediments (63%). While the relative contributions of each of 
these sources may shift from year to year, it is apparent that sediments sourced from both the 
annual river plume and local erosion comprise the  bulk of sediment annually accreting on the 
lower delta plain.  
Sediment budget 
Sediment budget calculations identify sediment sources and sinks in a delta system 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
E. inland E. coastal W. coastal W. inland
Figure 19. Estimates of the percent of ‘annual’ flood pulse sediment in the total deposited at each delta 
plain trap site during the monsoon. Sediment tagged and eroded from the catchment within 6 months is the 
dominant source of new sediment to the Sundarbans, with ‘older’ sediment sourced from the inner shelf or 
locally soured tidal channels serving to dilute the 7Be signal. 
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and allow predictions of how changes to the rate of sediment import or export might reflect in a 
delta’s construction or deconstruction (Carriquiry and Sánchez, 1999). The sediment budget for 
the Ganges-Brahmaputra delta system has been fairly well constrained for the river flood plain 
and subaqueous delta. Through the use of geochronological, seismic and stratigraphic analyses, 
it has been estimated that of the ~109 tons of sediment annually discharged by the Himalayas, 
~30% is sequestered in the flood plain and 40% is deposited on the rapidly prograding clinothem 
(Goodbred and Kuehl, 1998; 1999; Eysink et al., 1983). The remaining 30% is thought to be 
delivered to either the ‘abandoned’ Sundarbans part of the lower delta plain and/or the Swatch of 
No Ground canyon head, though the spatial and temporal partitioning of sediment to each of these 
settings was previously unknown (Kuehl et al., 1997; Allison, 1998). The present study addresses 
this important piece of the sediment budget and provides a missing piece of the G-B source-to-
sink story by estimating the percentage of the annual flood pulse stored in the lower delta plain. 
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The sediment budget for the lower delta plain was determined by multiplying mass 
accumulation by area. The total area of the Sundarbans in Bangladesh is ~6400 km2, with another 
3600 km2 in India, for a total area of 10,000 km2. Assuming 80% of the region is forested delta 
plain and 20% is tidal channels, the sediment budget calculated for the Bangladeshi Sundarbans 
includes an area of 5000 km2 intertidal delta plain. The mass accumulation results appear to have 
captured the range of variability in deposition, and despite local heterogeneities in sedimentation 
patterns, the overall mean accumulation of 1.3 g cm-2 is considered to be a reasonable estimate 
for the entire Bangladeshi Sundarbans. Extending the mean accumulation value across the 5000 
km2 area of lower delta plain indicates ~64.4 x 106 t of sediment was delivered to the Bangladeshi 
Sundarbans during the 2008 monsoon season. This accounts for 6.5% of total annual G-B 
discharge and 9.2% of the 700 x 106 t estimated to reach the coast during the monsoon. 
Although the above calculation provides a reasonable approximation of seasonal 
sedimentation for the Bangladeshi Sundarbans, it is likely a minimum for the total accumulated 
in the mangrove coastal plain of the Ganges-Brahmaputra delta. The actual total deposited on 
the lower delta could be higher for several reasons. First, this budget estimate is limited to the 
forested delta plain and does not include sediment storage in the extensive tidal channels. Second, 
deposition in the ~3600 km2 of the Indian Sundarbans would contribute considerably to the total 
mass acumulation on the lower delta, though this assumes G-B plume sediment reaches the 
shelf west of the Swatch of No Ground canyon. It has been suggested that very little sediment 
discharged at the G-B river mouth is transported west of the canyon head (Segall and Kuehl, 
1992). However, parallel stratification seen in high resolution sonar data indicates accretion on 
the western canyon rim occurs from suspension settling of sediment most likely sourced from the 
G-B plume (Rogers and Goodbred, in prep). Given the uncertainty regarding G-B sediment input 
west of the canyon and the distance between the G-B river mouth and the western shelf (>200 
land area (km2) storage  (106 t y-1) 
% of total 
G-B Qs*
 % of global 
Qs pre-
Anthropocene**
% of 
global Qs 
modern***  
Bangladesh 5000 64.4 6.5 0.4 0.5
India 3000 13-32 1.3-3.2 0.09-0.2 0.1-0.25
Total 8000 77.4-96.4 8-10 0.5-0.6 0.6-0.7
* average 109 t yr-1  
  (Milliman and Syvitski 1992)
** estimated as 15.1 x 109 t yr-1  
    (Syvitski and Kettner 2011)
*** estimated as 12.8 x 109 t yr-1  
     (Syvitski and Kettner 2011)
Table 6. Sundarbans sediment budget
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km) accretion rates in the Indian Sundarbans could be between 20-50% of that in the Bangladeshi 
Sundarbans, contributing an additional 13 to 32 x 106 t y-1 of sediment storage. Together, the total 
storage across the whole of the Sundarbans could range from 77 to 96 t y-1, representing 8-10% of 
the total annually discharged by the G-B river system (Table 6). 
The length of the sampling period could also account for minimum-value sediment 
budget calculations. Although sediment discharge is an order of magnitude less in the dry 
season, mechanisms exist for sediment transport and deposition on the mangrove platform 
during the winter, such as high wave events, cyclonic storms and tidal inundation (Barua, 
1990). Dry season sedimentation could account for an additional 2-3 x 106 t yr-1 considering 
reduced overall discharge and relaxation of onshore winds that are otherwise important 
for sediment delivery to inland sites during summer months. However, in the absence of 
large storms, dry season sedimentation occurs primarily in the low-lying western side of 
the study area where normal flood tides fully inundate the mangrove platform year round. 
The estimated 64.4 x 106  t yr-1 of sedimentation calculated for the Bangladeshi Sundarbans 
% of total*
 Floodplain/upper delta plain 30
 Subaqueous delta 40
 Canyon/fan 20
 ‘Abandoned’ coastal delta plain 10
* based on Qs of 109 t yr-1  
Table 7. Sediment budget for the Modern Ganges-Brahmaputra River Delta
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is almost double the previous budget estimate of 37 x 106 t yr-1 for the combined Indian 
and Bangladeshi Sundarbans determined through the use of radiocarbon- and 137Cs-dated 
sediment cores (Allison and Kepple, 2001). If sedimentation in the Indian Sundarbans and 
dry season deposition are included in the current estimate, then the total sediment deposited 
on the combined Sundarbans could be as much as 100 x 106 t yr-1, or about 15% of the total 
discharged to the coast.  
Revisiting earlier versions of the sediment budget for the modern dispersal system: 
~30% of the 109 t of fluvial sediment annually delivered to the Bengal basin is stored on the 
floodplain; ~40% is sequestered in the topsets and foresets of the subaqueous delta, and the 
remaining ~30% is presumably transported to the deep sea via the Swatch of No Ground canyon 
(Milliman and Syvitski, 1992; Goodbred and Kuehl, 1998; Michels et al., 1998; Allison, 1998; 
Kuehl et al., 1997). The present study indicates that the lower delta plain is also a significant sink 
for sediment discharged at the coast, storing >10% of the 300 x 106 t originally thought to bypass 
the shelf to the canyon (Table 7). Although the Sundarbans is a very small area when compared to 
the world’s drainage basins (0.005%), it stores >0.6% of the sediment estimated to be discharging 
from rivers to the modern global ocean (Syvitski and Kettner, 2011).  
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Direct and indirect threats 
Based on the sediment budget and mass accumulation results, it would appear that 
sedimentation in the Sundarbans is sufficient to maintain the lower G-B delta plain. However, 
predicting the fate of the lower delta plain is complicated by uncertainties regarding human 
impacts. Since the beginning of the industrial revolution, the construction of dams and water 
diversion projects has decreased sediment input of rivers to the global ocean by ~15% due to 
the retention of sediment in reservoirs (Syvitski and Kettner, 2011; Syvitski et al., 2005). As 
economically depressed nations in many of the world’s river basins continue to develop, this 
percentage is expected to grow. For example, a large number of additional hydroelectric projects 
are planned for tributaries of the Ganges River, threatening to further reduce the volume of water 
and sediment reaching Bangladesh (Bandyopadhyay, 2002). Dramatic morphological changes to 
the Indus delta front in Pakistan resulted from excessive damming and water diversion projects 
and portend a potential fate of the G-B delta under an increased damming regime. Prior to 
damming in the 1950’s the Indus ranked fifth in terms of sediment discharge to the sea, with 
a pre-dam sediment load of ~250 x 106 t yr-1. Damming reduced the Indus’ annual sediment 
discharge to ~59 x 106 t, a difference of -85% (Syvitski and Saito, 2007; Milliman and Syvitski, 
1992). The drastic reduction in sediment delivery to the coast has caused the lower Indus delta 
to recede as much as 50 m yr-1 since emplacement of dams, leading to cannibalization of the 
subaerial delta front by the tidal channel network and rapid export of deltaic sediments to the 
inner shelf (Giosan et al., 2006). On the other hand, the storage efficiency of the enormous G-B 
drainage basin (i.e. >1.7 x 106 km2 vs. 0.9 x 106 km2 for the Indus) may buffer sudden changes to 
the upstream sediment load such that downstream effects are not be perceptible for hundreds of 
years (Meade, 1996). 
Perhaps the more direct and immediate threat to the sustainability of the lower delta 
plain is the increased use of fertilizers and pesticides in the heavily cultivated upper delta. The 
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7Be results indicate that ~50% of the sediments reaching the Sundarbans mangroves are sourced 
from the G-B river flood pulse. The results of a study released by the Bangladesh Rice Research 
Institute (2011) indicate that the use of pesticides on vegetable crops in Bangladesh increased by 
328% between 1997-2008. Bangladeshi farmers are also uninformed about how to properly apply 
pesticides, resulting in over-use (Dasgupta et al., 2005). Trace metals found in cores taken from 
the Indian Sundarbans point to domestic sewage outflow and industrial discharge associated with 
rapidly developing urban centers in the Hooghly River basin (Banjeree et al., 2012). If similar 
regional development and agriculture trends continue in the G-B river basin, contaminant export 
to the lower delta plain may have a more substantial negative impact on the long-term stability  
of the sensitive mangrove system than reduced sediment delivery from  upstream damming and 
land use. 
Conclusions
This study presents a first-order approximation of the spatial and temporal patterns of 
sedimentation on the lower Ganges-Brahmaputra delta and demonstrates that:
1. Patterns of sedimentation are locally heterogeneous, although seasonal delivery of sediment is 
evenly distributed throughout all parts of the Sundarbans, resulting in an overall mean accretion 
rate of 1 cm yr-1, which is equivalent to the average rate of relative sea level rise estimated for the 
Bengal coast. 
2. Half of the sediment deposited on the delta plain during the monsoon, and 63% of individual 
trap sites, are tagged with detectable 7Be. This indicates sediment eroded within 6 months or 
less from the surface of the catchment or upper floodplain is the principal source of sediments 
annually accreting on the lower delta plain surface.  
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3. Delivery of 7Be- and 210Pb
xs
-tagged flood pulse sediment to the remote inland parts of the delta 
plain indicate distance from the active river mouth has less of an influence on sediment accretion 
than tidal inundation frequency, period, and asymmetry.
4. Small order streams dissecting the interior of tidal islands are as effective as larger tidal 
channels in delivering sediment to remote parts of the delta plain. 
5. The Sundarbans is a significant sink for G-B river sediment, storing at least 10% of the 
sediment annually discharged at the river mouth. This has implications for the volume of 
sediment estimated to reach the canyon, the Bengal Fan, and ultimately the global ocean. 
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CHAPTER III
MASS FAILURES ASSOCIATED WITH THE PASSAGE OF A LARGE TROPICAL 
CYCLONE OVER THE SWATCH OF NO GROUND SUBMARINE CANYON
 (BAY OF BENGAL)
Abstract
Acoustic surveys collected before and after the passing of a major tropical cyclone over 
the Swatch of No Ground submarine canyon revealed the formation of widespread mass failures 
around the canyon head during the storm. Mass sediment flows several kilometers wide with 
minimal run-out distances (<300 m) are interpreted as liquefied strata caused by hydrostatic 
loading and cyclic wave pumping during the storm. Numerous large slide valleys (>1 km wide × 
5–60 m thick) formed in areas with pre-existing subsurface sediment deformation and evidence 
for submarine fluid discharge. Steep-walled (7–10°) gullies present before the storm did not 
fail, suggesting that the gully sediments may be shear hardened by the preferential funneling 
of hyperpycnal flows from the Bengal shelf into the canyon. Combined, the widespread mass 
failures and resistant gullies are part of a net-aggradational canyon system that supports multiple 
mechanisms for sediment and organic carbon transport from the active Ganges-Brahmaputra river 
mouth to the Swatch of No Ground canyon and deep-sea Bengal Fan.
82
Introduction
Submarine mass failures are a principal mechanism in the evolution of continental 
margins, as their collapse dynamically impacts slope morphology while at the same time 
transporting sediment and sequestered carbon to the deep sea (McAdoo et al., 2000; Minisini 
and Trincardi, 2009). The most common triggers for mass failure in deep water include rapid 
sedimentation and seismic waves generated by earthquakes. Increased pore-pressure gradients 
due to submarine groundwater seepage, removal of overlying material, and diagenesis of organic 
matter can likewise weaken the shear strength of subsurface sediments, predisposing them to 
failure (Grozic, 2003; Orange and Breen, 1992). The mechanics behind these individual processes 
are well understood (e.g., Parsons et al., 2007), but a predictive understanding is limited by 
complex boundary conditions and a lack of observational field data.
 Most studies of sediment mass failures have centered on the continental slope where 
such features are most common, particularly on widespread headless canyons and hazardous 
tsunamigenic slides (Parsons et al., 2007). Other research has focused on mass-transport 
processes that contribute to the evolution of shelf-indenting canyons, such as the up-dip 
propagation of failures on the upper slope and downcutting by turbidity currents (McAdoo et 
al., 2000; Pratson and Coakley, 1996; Twichell and Roberts, 1982). However, to date there is 
limited information on mass wasting processes within modern, actively accreting canyons that 
head in shallow water. Failures at the head of mid-shelf canyons can be triggered by the same 
mechanisms responsible for mass wasting at deeper water depths, but shallow canyon heads are 
also susceptible to failure caused by cyclic wave pumping during the frequent passage of high-
energy wind and storm events (Prior et al., 1989; Puig et al., 2004).
Toward a better understanding of how storms impact mid-shelf canyon processes, we 
present a pre- and post-storm comparison of morphologic features at the head of the Swatch of 
No Ground (SoNG) submarine canyon, which incises the Bengal shelf and active delta front of 
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the Ganges-Brahmaputra river (Fig. 1). Two sub-bottom sonar surveys were conducted using a 
shallow-towed Edgetech 216s chirp system operated at a 2–10 kHz frequency in March 2007 and 
March 2008, six months before and after a large tropical cyclone passed over the canyon. These 
data (1) allow an evaluation of the contribution of large storm events to mid-shelf canyon failure; 
(2) give rise to questions regarding areas of preferential failure within the upper canyon, and (3) 
highlight several factors influencing the magnitude and distribution of such failures. Finally,  
since the SoNG canyon head intercepts the actively prograding clinothem of the Ganges-
Brahmaputra river delta (Michels et al., 2003), this research focuses on the canyon rim where 
transport-related features define the interactions between these two rapidly accreting depocenters 
(Kottke et al., 2003).
Geomorphic Setting and Cyclone Sidr
The SoNG incises 130 km onto the Bengal margin in a northeast-southwest direction, 
reaching within 30 km of the central delta coast of Bangladesh (Fig. 1). At the canyon head, 
which is ~150 km west of the active river mouth, radiometric dating (137Cs, 210Pb, and 228Ra) 
yields sedimentation rates from ~5 cm yr-1 along the canyon rim (20–40 mbsl [meters below sea 
level]) to extremely rapid rates of 20–50 cm yr-1 on the upper-canyon floor (~250 mbsl) (Kuehl et 
al., 1997; Kudrass et al., 1998; Michels et al., 2003). Based on these rates measured to the bottom 
of 5–10-m-long sediment cores, we estimate that the 20–30 m of strata imaged in our sonar 
records represent only 300–600 yr of sediment deposition, emphasizing that these are very young, 
thick, and likely underconsolidated deposits. With such rapid deposition, the canyon acts as a 
temporary sink for ~30% of the ~750 million metric tons of sediment delivered annually to the 
Bengal margin (Kuehl et al., 1997). The mass of sediment intercepted by the canyon represents 
1%–2% of the global riverine sediment flux (Milliman and Syvitski, 1992); thus, mass failures in 
the SoNG may directly impact the fate of globally significant volumes of sediment.
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On 15 November 2007, a tropical depression in the southern Bay of Bengal 
strengthened to form Cyclone Sidr, which tracked northward directly over the SoNG and struck 
the western coast of Bangladesh during an ebbing tide (Fig. 1). The system maintained wind 
speeds of 165 km/h for ~56 h before intensifying to 213 km/h near the Bengal margin, making 
it equivalent to a Category 5 tropical cyclone on the Saffir-Simpson scale. It was the second 
largest storm, based on wind speeds, to strike the Bangladesh coast since 1970. Tide gauge 
records indicate there was little surge near the SoNG, which was centered just west of the storm 
eye, but a significant 6–9 m surge did impact the coast to the east (Hasegawa, 2008). There is 
no observational wave data for this storm, as the nearest wave buoy (National Data Buoy Center 
[NDBC] Station 23101) is ~1200 km south of the Bangladesh coast. Cyclone Sidr was the only 
major cyclone in the Bay of Bengal between the two acoustic surveys, although a shallow-seated 
(~25 km deep) earthquake (M 5.2) occurred in southeastern Bangladesh on 7 November 2007. 
However, earthquakes of this magnitude happen regularly in the region, and the epicenter of this 
modest event was located ~300 km away and was unlikely to have had an effect on the canyon.
Mass Wasting and Transport-related Features
The general morphology and stratigraphy of the upper SoNG canyon (<120 mbsl) 
is dominated by clinoform-like infilling, similar to that of the adjacent prograding delta front 
(Kuehl et al., 1997). This background morphology, however, is heavily punctuated by three types 
of geomorphic features, two of which are mass-wasting structures associated with the passage 
of Cyclone Sidr, and the other a set of preexisting structures that remained mostly unchanged 
through the storm event (Table 1). The three features are defined as: (1) mass flows – wide swaths 
of disturbed seabed and shallow strata that are characterized by modest run-out distances (102 m), 
the loss of all or most acoustic stratification (i.e., becoming acoustically transparent), and often 
by adjustment of the seabed to a horizontal surface of gravitational equipotential (Fig. 2); (2) 
Type of feature Wall angle or 
surface gradient
Water depth to 
top of feature (m)
Thickness of 
failed beds (m)
Width of failure 
or gully (m)
Mass flows 0.3°-1.0° 35-115 2-6 2000-3500
Slide valleys 
(Type A 
-evacuated)
4°-8° 30-75 15-50 800-1300
Slide valleys 
(Type B -partially 
filled)
7°-10° 30-75 10-15 800-1200
Slide valleys 
(Type C -shallow 
failure)
6°-8° 100-150 5-10 400-700
Gullies 7°-10° 20-75 N/A 200-300
Table 1. Characteristics of primary transport-related geomorphic features observed in the swatch of no 
ground canyon following passage of cyclone SIDR in November 2007.
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slide valleys – broad, km-wide depressions in which large, failed sediment blocks were vertically 
and horizontally displaced, either locally within the valley or considerably further downslope 
(distance unknown) (Figs. 3–5); and (3) gullies – relatively narrow (<300 m), steep-walled 
features scoured at their base and somewhat resistant to failure, remaining largely undisturbed 
following the cyclone (Figs. 4 and 5). Each of these geomorphic features are found throughout the 
upper canyon, where they occur as both spatially discrete entities as well as complex composites 
in which the different morphologies are superimposed or closely juxtaposed.                                                                                            
Mass Flows
Strata infilling gently sloping (<3°) portions of the canyon are acoustically well 
stratified, and parallel reflectors can be traced laterally for several kilometers. In post-storm 
survey data this strong acoustic stratification locally disappears in the upper 2–6 m of sediments, 
coincident with a disturbance of the overlying seabed (Fig. 2). Based on the coring of similar 
acoustically transparent beds, the sediment microfabric of these deposits shows that they have 
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Figure 2. Comparison of pre- and post-storm sonar images from lines C4 and C1, showing thin (2–6 m), 
shallowly buried acoustically transparent sediments that serve as the foci of liquefied mass flows 
associated with Cyclone Sidr. For reference between the two surveys, the black lines highlight common 
stratal reflectors. (A) Vertical, acoustically transparent striations appear to be gas/fluid escape “chimneys” 
originating in buried gassy sediments. The seafloor and shallow strata above these chimneys appear to 
preferentially fail during the storm. (B) Similar to the flows in C4, mass failures appear to be associated 
with chimney structures originating in gassy sediments. The mass flows in the western portion of the image 
occur where the underlying pre-storm strata are increasingly concave, suggesting that some areas may 
experience repeated cycles of failure-and-infilling or are deforming penecontemporaneously with rapid 
sediment deposition.
130
   130
C1_2008
   140
   150
   160
Liquefied mass flow and
Type C slide valley
A
W
at
er
 d
ep
th
 (m
)
60
40
100
80
Gas
wipeout
C8_2007
C8_2008
Failure plane
    60
40
  100
 80
Type B
slide valley
Gas
wipeout
1000 m
Gully
Faults
1000 m
Fluid chimneys
500 m
C1_2007
     140
     150
 160
Fluid chimneys
B
W WE E          
500 m
88
Figure 3. Comparison of pre- and post-storm sonar images from lines C8 and C1 showing the formation of 
Type B and Type C slide valleys. For reference between the two surveys, the black lines highlight common 
stratal reflectors. (A) From line C8 a gully with strata downlapping its western wall is the dominant 
geomorphic feature prior to the storm, although faults, concave strata and gas wipeouts are prominent in 
the subsurface. The 2008 survey shows the slide valley failed along a preexisting fault plane to form its 
western margin, and the former gully comprises the eastern wall. Failed sediments are not completely 
evacuated and partially fill the slide valley (Type B). (B) From line C1 a shallow-seated Type C slide valley 
forms where the upper 5–6 m of acoustically stratified sediments failed. The failure preferentially occurred 
where the pre-storm strata are heavily bisected by fluid-escape chimneys. These escape structures connect 
buried gassy sediments to the seabed, and many of them display strong parabolic reflectors suggesting gas 
ebullition during fluid escape.
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Figure 4. Uninterpreted pre- and post-storm chirp sonar line C8 across the head of the canyon. Preexisting 
subsurface deformation and examples of typical steep-walled gullies and zones of stability that resisted 
Sidr-related failure can be seen in the pre-storm line (compare to Fig. 5).
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Figure 5. Interpreted pre- and post-storm chirp sonar line C8. The pre-storm seafloor profile, indicated 
by the hatched line, has been overlayed on the post-storm image to highlight the magnitude of changes 
to the seabed. In the pre-storm example slumping, faulting and localized zones of concave strata overlain 
by parallel bedding are indicated. Three zones of stable seabed that maintained stratal integrity and 
resisted failure during the storm are also marked. Failure of sediment created large evacuated slide valleys 
(Type A), the floors of which are capped with >6 m thick acoustically transparent sediments. Minimal 
stratification was preserved on the walls or at the base of new valley floors. While the westernmost gully 
remained intact, the easternmost gully collapsed into a slide valley (compare to gully in Fig. 3A, which is 
also from C8 and ~ 1 km east of Fig. 5). Concave strata on the eastern portion of the profile also failed as a 
500 m-wide mass flow that formed ~3–5 m scarps on each side and leveled out to the gravitational  
equipotential surface. The loss of mass is presumed to reflect material that liquefied and flowed toward the 
canyon base. Concave strata on the western portion of the profile did not fail, although this area may be the 
site of future failure.
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lost all physical bedding structure (Kuehl et al., 2005). This loss of bedding, combined with 
downslope mass displacement and a disturbed seabed, suggests that these flows represent the 
liquefaction and/or fluidization of shallow strata associated with the storm event (the actual 
mechanics of these mass flows are indeterminate, but we refer to them here as liquefied flows 
to distinguish them from other types of mass flows). The liquefied beds and resulting flows 
commonly formed across several thousand meters of seabed, although they appear in the sonar 
data to have minimal run-out distances (i.e., <300 m) despite forming on sloped surfaces (1–3°). 
Acoustically transparent beds similar to those associated with Sidr were also recognized in the 
pre-storm surveys, but most were overlain by several meters of stratified deposits presumably 
emplaced since a previous disturbance (storm?). Most mass flows formed in areas with apparent 
subsurface fluid-escape structures connected to buried gassy deposits (Fig. 2).
Slide Valleys
Around the rim and head of the canyon, at least seven large valleys on the order of a 
kilometer wide were formed or reactivated by slide failures induced by the storm. Most occurred 
in areas of pre-existing seabed and sub-bottom deformation, including abundant growth faults, 
linear or discrete acoustically transparent layers, and chaotic to sub-parallel strata. Many of the 
slide-valley failures associated with Cyclone Sidr also show evidence for previous failure, with 
cycles of repeated collapse-and-infilling recognized through straight-walled slip planes that 
constrain decreasingly concave fill strata and overlying parallel beds, as well as acoustically 
transparent strata (Figs. 3A and 4–6).
Although the SoNG slide valleys are all genetically related features, variation in their 
morphology appears to reflect different magnitudes of failure that we use to define three main 
types. In Type A valleys, the failed material is completely removed downslope (evacuated) to 
create a smooth U-shaped form with walls that dip ~6° (Figs. 4–6). The Type A features are 
Concave strata
20
Fish returns
Fluid/gas
discharge
Slide
valley
20
500 m
40
60
40
C11_2007
NE SW
W
at
er
 d
ep
th
 (m
)
Fluid chimneys
C11_2008
Figure 6. Pre- and post-storm chirp sonar profile comparison of line C11, which parallels the sediment-
starved western canyon edge. 2007 data shows a featureless seafloor and concave strata at depth, capped 
with parallel to sub-parallel bedding. Gas is visible beneath the concave strata. The 2008 profile shows 
collapse and creation of a large (>1 km wide x 50 m deep) Type A slide valley in the area previously 
containing gas and concave strata. By boosting the flat gain in the sonar processing software program, 
gassy fluid discharge flares are evident just above the seabed just north of the new slide valley. Discharge 
“flares” are associated with acoustically transparent vertical subsurface “pipes” that connect the seafloor to 
the top of the buried gas.
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the largest and most common of the valley failures, and they appear to account for the greatest 
volume of downslope-displaced sediment. Type B valleys are collapse features where large 
sediment blocks fail along high-angle slip planes (~7–10°) with minimal downslope displacement 
(Fig. 3A). In all Type B cases, the post-storm valley remains at least partially filled by the failed 
material. The Type C valley is characterized by the complete evacuation of failed material like 
Type A, but the thickness of failed beds is comparatively thin (<10 m) resulting in the general 
preservation of pre-storm seafloor morphology (Fig. 3B). In addition, mass failure in the  
Type C valleys appears to be associated with the presence of fluid-escape chimneys, as seen in the 
pre-storm sonar data (Fig. 3B). There is some evidence from intersecting sonar lines that  
these valley types are not mutually exclusive and may represent a continuum of genetically 
related morphologies.
93
Gullies
One of the most persistent features of the SoNG are steep-walled, relatively narrow 
gullies that originate on the inner shelf in water depths of 20 m. The relief of these features 
increases as they approach the canyon rim, reaching a maximum of ~20 m deep before shoaling 
and debouching onto the low-gradient canyon floor (Figs. 3A, 4, and 5). In both pre- and post-
storm data the steepest wall angles are consistently 7–10°, slightly higher than those in most slide 
valleys. One or both gully walls are also typically draped with downlapping strata that reflect 
sediment aggradation. There are few signs of growth faulting or other penecontemporaneous 
deformation, and overall the gullies are stable and remained intact following passage of the storm.
Discussion
Cyclone Sidr induced widespread mass wasting within the upper Swatch of No Ground 
canyon, much of which was seemingly related to preexisting subsurface deformation and/or fluid/
gas escape features. Other portions of the canyon remained relatively stable through the storm and 
were characterized by a lack of preexisting strata deformation. Together, both failures (i.e., mass 
flows and slide valleys) and persistent geomorphic features (i.e., gullies) define distinct sediment-
transport pathways from the inner shelf to the central canyon, and perhaps to the deep-sea Bengal 
fan. In the absence of dynamical observations, though, we are informed about their controls and 
mechanisms principally through the pre-storm and post-storm acoustic surveys.
In this case the shallow-water, steep-walled gullies that resisted failure help define 
the stability threshold of cohesive sediments that are rapidly accumulating at the canyon head. 
In comparison to the fault-ridden slide valleys, the steeper-walled gullies lack growth faults or 
other styles of deformation. Furthermore, strata downlapping onto the gully walls suggest that the 
gullies were not formed by incision, but rather are part of a vertically aggrading, net depositional 
transport system (Figs. 4 and 5; Straub and Mohrig, 2009). This vertical translation of the gully 
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form is supported by horizontally stratified sediments that tightly bound the gullies far below 
their current depth, indicating that the gully forms have been aggrading at their present location 
for perhaps several hundred years. We speculate that the resistance of the gullies to Sidr-related 
failure was sustained in part by the shear hardening of accumulated sediments through regular 
conveyance of shelf- or locally-sourced gravity flows (Parchure and Mehta, 1985;  
Kudrass et al., 1998).
In contrast to the quasi-stable gullies, widespread mass flows occur even on low 
gradients around the canyon rim and adjacent shelf, and their limited downslope displacement 
suggests that oversteepening is not a principal cause of failure. The presence of previously 
liquefied beds (i.e., acoustically transparent layers) within low-gradient strata beneath many of 
those associated with Cyclone Sidr indicates that liquefaction may occur repeatedly at the same 
locations. In general, the shallow mass flows observed around the SoNG and adjacent Bengal 
shelf are not unlike storm-induced mass flows described from other accreting shallow-water delta 
fronts (e.g., Mississippi; Prior and Coleman, 1978).
Together, the coincident formation of both shallow mass flows and the deeper-seated 
slides suggest a common trigger for the two types of failures, most likely wave pumping and 
related hydrodynamic loading during passage of the storm (Clukey et al., 1985; Prior et al., 1989; 
Puig et al., 2004). What then accounts for the very different morphology of these two failure 
types, particularly the 10–50 m thickness of failed strata in the slide valleys, which are uniquely 
large for high-energy, shallow-water settings? We propose that the greater failure depth of the 
slide valleys involves an additional control in which sub-bottom fluids, gas, and/or underlying 
morphology play a key role in defining the deep-seated base of these features. This hypothesis 
emerges from ideas on the origin of headless canyons that are nearly ubiquitous along the world’s 
continental slopes (Twichell and Roberts, 1982; Surpless et al., 2009), where there is strong 
support that stratigraphically controlled sub-bottom fluid transport can lead to their formation and 
95
longer-term maintenance (e.g., Orange and Breen, 1992). Although these ideas are not fully tested 
in the SoNG, the pre- and post-storm surveys presented here may yield relevant insights on the 
relationship between submarine groundwater, mass failures, and margin morphology.
Specifically for the SoNG slide valleys, evidence for a sub-bottom control on the depth 
of failure emerges from observations of pre- and post-storm submarine fluid discharge at failure 
sites (Fig. 6), and active sediment deformation with apparently repeated cycles of failure and 
infilling. Evidence for abundant submarine groundwater discharge along the Bengal margin has 
been revealed through geochemical tracers in the coastal ocean (e.g., 226Ra, Ba, 87Sr/86Sr), 
with estimates of fluid flux on the same order as surface-water discharge from the Ganges-
Brahmaputra river (Moore, 1997; Basu et al., 2001). The specific processes and magnitude of 
coastal groundwater discharge remain uncertain (Harvey et al., 2002), but laterally extensive 
coarse-grained fluvial deposits infilling the lowstand river valleys are ideal candidates for 
groundwater conduits between the delta plain and the Bengal shelf (Moore, 1999). Indeed, sandy 
braided river deposits that are 30 to >50 m thick and 10s of kilometers wide underlie most of the 
prograding coastal plain muds of the delta front (Goodbred and Kuehl, 2000). These deposits 
presumably extend 30 km offshore to the canyon head, where the buried lowstand river valleys 
intersect the larger SoNG canyon system.
It is hypothesized here that the sapping of submarine groundwater at the interface of the 
buried braided river sands and younger clinothem muds generates high pore-pressure along the 
canyon walls that, coupled with the storm surge and wave pumping, resulted in the deep-seated 
failures that characterize the slide valleys. Evidence for active submarine fluid escape in and 
around the valley failures includes discharge “flares” that are visible in the water column when 
the sonar’s acoustic gain is increased (Fig. 6). Similarly, dense fields of fluid “chimneys” can 
been seen to bisect the upper 5–10 m of canyon strata at many failure locations (Figs. 2 and 3B). 
Overall, the widespread occurrence of submarine fluids discharging at the canyon head could help 
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explain how the SoNG has maintained its relative nearshore position through the late Holocene 
despite very high rates of sedimentation.
Conclusions
Widespread mass failures around the head and rim of the SoNG canyon appear to 
have been triggered by passage of an intense tropical cyclone. Numerous liquefied or fluidized 
mass flows account for local redistribution of the upper 5–6 m of sedimentary strata, presumably 
induced by cyclic wave loading during the storm. Other deep-seated failures formed large slide 
valleys over a kilometer wide and 10s of meters deep. Formation of these slide valleys appears 
to be associated with active submarine fluid discharge, possibly emerging where the canyon 
head intersects buried sandy fluvial strata. Overall, the mechanisms and scales of failure in the 
SoNG canyon, particularly the slide valleys, have not been previously documented for such a 
shallow-water, nearshore setting. Continued development of these pre- and post-storm acoustic 
data sets from the Bengal margin will be aimed at defining the processes and controls of sediment 
exchange between the prograding delta front and actively accreting canyon.
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CHAPTER IV
SUBMARINE CANYON-CLINOTHEM SEDIMENT INTERACTIONS
AND TRANSPORT-RELATED MORPHOLOGY OF THE
SWATCH OF NO GROUND CANYON, BAY OF BENGAL
Abstract
The Swatch of No Ground canyon (SoNG) in the Bay of Bengal is an example of an 
active, shallow-headed canyon that is aggradational despite documentation of multiple mass 
failures. Sediment transport in the canyon head is characterized by three transport-related 
features: a depositional clinothem, bypass gullies, and erosional mass failures. These features 
are commonly coincident, with the gullies and mass failures bisecting the clinothem. Gully 
morphology, high river plume suspended sediment concentration and energetic hydrodynamics of 
the Bengal shelf suggest gravity-driven fluid muds are present here; gullies may be conduits for 
gravity-driven sediment flows into the canyon head. Although the SoNG canyon head is separated 
150 km from its main sediment source (the Ganges-Brahmaputra river mouth estuary), very high 
sedimentation rates (5-50 cm yr-1) and rapid progradation of the subaqueous Ganges-Brahmaputra 
(G-B) clinothem into the canyon head have balanced the loss of mass from failures caused by 
storms that appear to recur on decadal timescales. A large cyclone in 2007 caused widespread 
mass failures around the canyon head, resulting in the removal of >2 years of total river sediment 
input to the canyon head, or ~60% of total volume of sediment discharge to the Bengal basin by 
the summer monsoon. 
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Introduction
Submarine canyons are important conduits for transporting terrigenous and marine 
material across continental margins. While many of the world’s submarine canyons are slope-
confined or ‘headless’ features that incise the shelf break in water depths of 150-200 m, some 
modern canyons head on the inner shelf in water depths <100 m (Twichell and Roberts, 1982; 
Paull, 2005; Puig et al., 2003). Modern shallow-headed canyons can be connected to a river 
dispersal system (e.g. Markham [Renagi et al., 2010]; Kao-ping [Liu et al., 1993]; Sepik [Kuehl 
et al., 2004]; and Congo [Savoye et al., 2009]), wherein most river-borne material discharges 
directly into the canyon head and is rapidly transported down-canyon. Other shallow-headed 
canyons were separated from their source rivers or estuaries during transgression (e.g. Otago 
shelf [Osterberg, 2006]; Danube [Popescu et al., 2004]; Amazon [Milliman et al., 1995]). In 
these systems, sediment and organic material is transported some distance from river mouth to 
the remote canyon head by currents, tides, and waves often associated with high-energy storms 
events. A fraction of terriginous material may also be deposited on the shelf as a prograding 
subaqueous delta or, having never entered the canyon, is lost to the deep sea over the shelf break.  
 In all cases, active shallow-headed canyons can act as shelf bypass features that transport 
sediment from a river mouth directly to the deep sea. Alternatively, they can serve as temporary 
storage sites for sediment and organic matter, until mass failure advects deposits further down-
canyon. Thus the frequency of mass-wasting events is an important control on the length of time 
that sediments may accumulate in the canyon before some portion is remobilized to the lower 
canyon or continental slope. In canyons that head in shallow water, mass failures may be induced 
through overburden pressure from increased or rapid sediment deposition, liquefaction caused by 
seismic activity, over-steepening of canyon walls or wave loading during storms (Hampton et al., 
1996; Mullenbach et al., 2004; Puig et al., 2004; Moscardelli et al., 2006). 
 To maintain the relative stability of the canyon head in shallow water, a net balance must 
be maintained between sediment accumulation and mass lost from failure. The Swatch of No 
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Ground (SoNG) in the Bay of Bengal is an example of an active, shallow-headed canyon that is 
aggradational despite documentation of multiple mass failures (Kuehl et al., 1997; Kudrass et al., 
1998; Rogers and Goodbred, 2010). Although the SoNG canyon head is separated 150 km from 
its main sediment source (the Ganges-Brahmaputra river mouth estuary), very high sedimentation 
rates and progradation of the subaqueous Ganges-Brahmaputra (G-B) clinothem into the canyon 
have balanced the loss of mass from failures that appear to recur on decadal timescales.  
 Overlaying the SoNG canyon-clinothem morphology and mass-wasting features are 
gullies that cross the eastern and northern flanks of the canyon head from the inner shelf to the 
lower canyon thalweg. Together, the clinothem, mass failures, and gullies represent a complex 
interplay of depositional, erosional, and bypass sediment transport features, respectively, that 
have helped maintain the relative position of the SoNG canyon head since the mid-Holocene 
flooding of the Bengal shelf and abandonment of the canyon head by the river mouth. The 
following study uses high-resolution sub-bottom sonar data to characterize these features and 
define the roles that they play in dispersal of the massive G-B fluvial sediment load from the river 
mouth to remote depocenters on the Bengal shelf. 
Study Area and Oceanographic Setting       
Sediment and water discharge to the Bengal Basin are principally controlled by the 
Southwest Asian monsoon. During the wet summer monsoon (May-Sept), sediment discharged 
from the G-B river system is an order of magnitude greater than during the dry season (Oct-
Apr) (~ 992 x 106 tons vs. 93 x 106 tons, respectively).  Deposition rates indicate that ~30% of 
the sediment discharge is stored in the subaerial portion of the eastern delta and adjacent coastal 
plain (Goodbred and Kuehl, 1998). Approximately 40% of the remaining 700 million tons 
discharged at the river mouth is deposited on a rapidly prograding (15-20 m yr-1) subaqueous 
clinothem (Goodbred and Kuehl, 2000; Michels et al., 1998; Hübscher et al., 1998). A clinothem 
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is a laterally stacked 3D sedimentary deposit that displays self-similar oblique or sigmoidal 
geometries, and is synonymous with ‘subaqueous delta’ in this paper. Clinothems have well-
developed topset-foreset-bottomset morphology and are considered to be the building blocks of 
modern and ancient continental shelves (Vail et al., 1977; Slingerland et al., 2008; Christie-Blick 
and Driscoll, 1995). The G-B clinothem consists of very gently sloping (0.04°) topsets that extend 
from the active river mouth to ~80 km offshore in the easternmost part of the Bay of Bengal. Net 
accumulation of fine-grained sediments on the delta topsets is limited because energetic physical 
processes on the inner shelf inhibit deposition, although topset accumulation rates are high (~3 
cm yr-1) relative to other modern subaqueous deltas (e.g. Yellow: ≤ 1.2 cm yr-1 [Liu et al., 2004]; 
Yangtze: ≤ 2.14 cm yr-1 [Liu et al., 2006]; Gulf of Papua: ≤ 2.5 cm yr-1 [Walsh et al., 2004]).  
In the G-B system, most silts and clays discharged during the summer-monsoon 
flooding bypass the inner shelf and are deposited on the more steeply dipping (0.2°) foresets 
from 20-80 m water depth, or else are transported along-shelf into the submarine canyon. 
Accumulation rates on the muddy clinothem are highest on the foresets (5-8 cm yr-1) due to the 
fallout of suspended material at the topset-foreset transition where water depth increases and 
transport energy significantly drops. The rapid G-B foreset sedimentation rates are second only 
to those on the Amazon clinothem foresets (>10 cm yr-1), and are a reflection of the immense 
seasonal discharge of the rivers to the Bengal shelf (Dukat and Kuehl, 1995). The topset-foreset 
break is clearly visible in satellite images taken during the dry season when monsoon clouds 
permit a clear view of the river mouth, and appears as the southern-most limit of the suspended 
sediment plume at the 20-30 m isobath (Fig. 1). Bottomset accumulation rates are the lowest (~1 
cm yr-1) because of the reduced sediment supply at the toe of the delta front (Segall and Kuehl, 
1992; Kuehl et al., 1989). 
 The Swatch of No Ground canyon incises the Bengal shelf in a NE-SW direction 
about 30 km offshore of the western coast of Bangladesh, deepens to >600 m within 60 km of 
the shore, and to 1200 m (at an average dip of ~0.6°) by the shelf break (~170 km from shore). 
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Figure 1. Satellite image of the northern Bay of Bengal overlain with bathymetry, illustrating the proximity 
of the Swatch of No Ground canyon head to shore and to the subaqueous Ganges-Brahmaputra delta. 
The topset-foreset rollover coincides with the seaward limit of the turbid water in the MODIS image. The 
foreset-bottomset break is at the ~80 m isobath. The shelf break is another 80 km to the south of the foreset-
bottomset transition. 
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The modern canyon head lies ~150 km west of the river mouth, though stratigraphy of the coastal 
plain indicates the Ganges River fed directly into the incipient canyon throughout most of the 
Holocene before shifting eastward ~3000 to 5,000 years ago (Goodbred and Kuehl, 2000; Allison 
et al., 2003). The canyon continues across the margin for another 1100 km where it connects to 
the Bengal Fan, earth’s largest deep-sea fan (Sengupta et al., 1992; Weber et al., 1997; Curray et 
al., 2003). Like most canyon-fan systems, the transfer of sediment from the upper canyon to the 
fan mostly occurred during sea level falls and at low stands when the river discharged directly 
into the canyon (e.g. Amazon [Flood and Piper, 1997]; Mississippi [Kolla and Perlmutter, 1993]; 
Indus [Kolla and Coumes, 1987]). However, radiocarbon dating of core material taken along the 
main channel of the Bengal Fan show evidence for levee growth since the mid-Holocene high 
stand of sea level, indicating turbidity currents originating in the modern canyon continue to 
transport sediment to the fan (Weber et al., 1997; Hübscher et al., 1998).   
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The transition from the clinothem to the canyon occurs in 20 m of water, where the 
tip of the canyon head incises the subaqueous delta foresets. The proximity of the canyon head 
to the coast has led to the suggestion that the canyon intercepts up to 30% of the total sediment 
load discharged at the G-B river mouth (Kuehl et al., 1989; Michels et al., 1998). This hypothesis 
is partly supported by grain size results from piston and gravity cores indicating silts and clays 
comprise the canyon banks, while graded sand and silt layers alternating with finely laminated 
muds characterize the canyon floor (Sengupta et al., 1992; Michels et al., 1998). The laminated 
mud layers along the flanks of the canyon head represent steady background accumulation from 
daily tidal fluctuations (Barua, 1994). Sedimentation rates along the eastern rim of the canyon 
are 5-8 cm yr-1 and are equivalent to rates of accumulation on the deltaic clinothem foresets 
at mid-shelf (Fig. 2). The graded beds on the canyon floor have been interpreted as rapidly 
emplaced layers generated during tropical cyclones. Mean sediment accumulation rates here are 
an estimated 45-50 cm yr-1 (40-year time scale). These extremely high rates are attributed to the 
combination of westward transport of coarse silt and sand eroded from the clinothem topsets 
during vigorous storm events, and the normal background settling of fine-grained river plume 
particles over the canyon head (Kudrass et al., 1998). Overall, accumulation rates decrease with 
increasing water depth and distance from the head (Kuehl et al., 1989; Kudrass et al., 1998). In 
addition to tidal currents and storms, westward trending surface currents, Coriolis forcing and 
cross-shelf bottom currents have all been suggested as mechanisms routing sediment from the 
river mouth to the canyon (Barua et al., 1994; Chauhan and Vogelsang, 2006; Kudrass et al., 
1998; Barua, 1990; Kuehl et al., 1997). 
The incredibly high sedimentation rates throughout the canyon are also maintained 
in part by ‘quasi-continuous’ sediment gravity flows driven by currents generated during high 
discharge and dry season storms (Kottke et al., 2003; Michels et al., 2003; Kudrass et al., 1998). 
Based on water-column data from the inner shelf taken by Barua et al. (1994), along-shore depth-
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averaged suspended sediment concentration (SSC) is significantly higher during maximum 
discharge (4-6 g l-1) than in the dry season (0.1-1.5 g l-1). Seasonally elevated SSC combined with 
the high energy of the Bengal shelf suggests that the SSC near the bed reaches that of a fluid mud 
(>5 g l-1) during high discharge (Barua 1994). During the summer monsoon season, fine-grained 
river plume sediment stays in suspension on the inner shelf until onshore winds relax and wave 
energy is reduced. Plume material is then deposited at mid-shelf as an ephemeral mud layer that 
is periodically resuspended during dry season storms and spring tides. Once reactivated and lofted 
into the water column, the fine-grained particles are then available for transport across the inner 
shelf towards the canyon head (Kuehl et al., 1989). All of these mechanisms contribute to the high 
rates of sedimentation in the canyon head, though the relative contribution of each is unknown 
(Barua et al., 1994; Kottke et al., 2003; Michels et al., 2003, Kudrass et al., 1998). 
Sedimentation rates on the western side of the canyon have not been directly measured. 
However, mineralogy of clays on the Indian shelf indicates that sediments adjacent to the western 
canyon edge are sourced from the Hooghly River. This has led some authors to suggest that 
significant volumes of sediment sourced from the G-B River is not reaching the shelf west of 
the canyon except through hemipelagic settling (Rao et al., 1988; Segall and Kuehl, 1992). As a 
result, accumulation of G-B sourced sediment must be considerably lower on the western flank of 
the canyon and deposition is probably limited to periods of high river discharge and dry  
season storms.
Methods: Data collection and processing
This study is based on high-resolution sub-bottom sonar data collected in a 400 km2 
area covering the Swatch of No Ground canyon head on the inner shelf of the Bay of Bengal. The 
surveys were taken in March 2007 and March 2008, six months before and after a large tropical 
cyclone (Sidr) tracked directly over the canyon head causing widespread mass failures (Rogers 
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Figure 2. Measured sedimentation rates across the Bengal shelf, clinothem and in the Swatch of No Ground 
Canyon. Annually-averaged sedimentation rates are highest on the clinothem foresets and at the eastern 
canyon head.
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and Goodbred, 2010). The surveys were conducted using a shallow-towed Edgetech 216s chirp 
system operated at a 2–10 kHz frequency collected at an average speed of 7 knots. This high 
frequency acquisition system images the uppermost <80 ms TWT (~30 m) of material. The high-
resolution data set has a vertical accuracy to <1 m in unconsolidated fine-grained sediment. 
Data collection in 2007 included more than 1200 km of the Bengal Shelf in water 
depths of 10-80 meters below sea level (mbsl) (i.e. topsets and foresets of the subaqueous 
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clinothem) plus 200 km around the canyon head in water depths of 20-500 mbsl. The 2008 survey 
traced the same canyon survey collected in 2007 and included an additional 150 km of data in 
order to expand coverage of the uppermost canyon. The principal sonar lines used in this study 
include six NE-SW trending along-canyon lines and four NW-SE trending cross-canyon lines. 
The three easternmost along-canyon lines average 2.5 km apart and 20 km in length, collected 
at 20-120 mbsl. Three along-canyon lines on the west side of the canyon are spaced ~1 km apart 
and range from 6-15 km long, and were collected in 15-250 mbsl. The four cross-canyon lines 
average 20 km in length, 20-150 mbsl and average 1 km apart. Raw sonar data was converted to a 
seg-y format using the Edgetech Discover v. 3.3 acquisition program. Seg-y files were processed 
using Triton Sub-bottom Interpreter software and then exported into Fledermaus IVS 3D for 
simulated three-dimensional viewing. 
Results 
There are three general types of sediment transport-related features recognized in  
the upper SoNG: the depositional clinothem, the bypass gullies, and the erosional mass failures. 
These features are commonly coincident, with the gullies and mass failures bisecting the 
clinothem. Although the sonar lines strike the canyon head NW-SE (cross-canyon) or  
NE-SW (along-canyon), cardinal directions will be used to describe the position of transport-
related features. 
Depositional features
Since the slow down of sea level rise in the mid Holocene (~7 ka), sediment discharge 
onto the Bengal shelf has supported subaqueous delta progradation at rates of 15-20 m yr-1 
both seaward towards the shelf edge and westward to the canyon head (Hübscher et al., 1998; 
Goodbred and Kuehl, 2000; Kuehl et al., 1997; Kuehl, 1989; Barua, 1994). Along its western 
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boundary, the deltaic clinothem intersects the SoNG and is prograding into the canyon head 
(Fig. 3). Progradation of subaqueous deltas occurs through the settling of material suspended 
in gravity-driven flows sourced from the river mouth during peak discharge or through the 
episodic resuspension of older material on the shelf by tidal currents or storms (Michels et al., 
1998; Barua, 1994; Gerber et al., 2008). Radiometric dating (137Cs, 210Pb, and 226Ra) to the base of 
3-m-long kasten cores from the shelf near the eastern canyon head suggest that the high rates of 
sedimentation along the canyon rim (5-8 cm yr-1) may be maintained by the same processes that 
have supported rapid progradation of the deltaic clinothem across the shelf (Kuehl et al., 1998; 
1997; Barua et al., 1994; Kottke et al., 2003; Michels et al., 2003). These high sedimentation rates 
also indicate that the 20-30 m of strata imaged in the sonar data represent only 300-600 years of 
continuous deposition in the SoNG canyon head. 
Since reaching the canyon head, the subaqueous delta has deposited finely stratified 
(<1 m) parallel to sub-parallel Holocene strata up to 50 m thick along the canyon’s eastern flank.  
These strata slope into the canyon at <3° and drape subsurface irregularities such as acoustically 
transparent layers, faults and gliding planes for slumps (sonar lines C4, C5, and C6) (Figs. 3,4). 
On the eastern shelf, well-stratified beds oriented parallel to the canyon’s eastern edge are an 
extension of the deltaic clinothem and can be traced laterally for several kilometers before 
thinning and gently onlapping an erosional plane thought to be the Pleistocene low stand surface 
(Fig. 4a) (Michels et al., 1998; Palamenghi et al., 2011). The oldest bottomset deposits downlap 
onto the erosional surface at about 80-100 mbsl and are topped with cross-cutting strata, possibly 
caused by strong along-shelf currents (Chauhan et al., 2005). 
Stratigraphically related to the most recent bottomset deposits is a sediment wave field 
composed of bed forms that originate ~90 mbsl and appear to migrate into and over the eastern 
canyon wall on a slope of ~1° (Fig 5). These features are truncated on the down-canyon side and 
exhibit a consistent wavelength of 340 m and range in amplitude from 5-10 m (Braun, 2010). 
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While the process forming these beds is unknown, their orientation suggests they may be related 
to contour currents flowing at the base of the clinothem foresets towards the upper canyon or 
turbidity currents generated during high discharge or storms, thus providing another potential 
mechanism for transporting sediment from the Bengal shelf into the SoNG (Michels et al., 1998; 
Normark et al., 1980).  
Similar to the eastern side of the canyon, the cross-canyon lines in the northern canyon 
head (sonar lines C1, C3, C8, and C10) contain draping parallel to sub-parallel stratal packages 
up to 6 m thick that increase and decrease in thickness across the canyon head. The parallel beds 
can be continuously traced in the subsurface from the relatively low-angle clinothem foresets on 
the inner shelf (0.2°) to the canyon edge, where they steepen and continue to prograde into the 
northern canyon head at 2-3° (Fig. 4b). The main difference between the eastern flanks of the 
canyon head and the northern upper canyon is the more frequent chaotic and concave bedding, 
faults, thick (<20 m) transparent layers, and internal slumps punctuating the well-stratified 
clinothem beds in the north. These features may be related to sediment failure, and are more 
common here compared to the east (Michels et al., 1998; 2008). Additionally, the slumps and 
transparent layers interspersed throughout the northern canyon head often appear vertically 
stacked, separated by several meters of draping parallel strata representing sedimentation in 
between failure events (Fig. 6). The high rates of deposition and prograding character of the strata 
along both the northern and eastern flanks of the canyon head indicate that aggradation in the 
SoNG is a rapid and continuous process. The alternating sequences of subsurface irregularities 
and draping strata suggest that deltaic progradation resumes shortly after stochastic sediment 
failure events. These cyclic failure-aggradation cycles will be discussed in more detail in the 
following section. 
 General erosional features
Common erosional features of both continental slopes and canyons seaward of large 
Failure T1?
Failure T2
Failure T3
Seafloor multiple Seafloor multiple
Failure T3
Failures T2
Gas
C4
C8
C11
C1
C3
C5
C6
C9
C10
C12
N
1 km
20 m
Figure 6. Fragment of chirp sonar line C5 and interpreted section showing at least three failure regions 
separated by parallel strata contiguous with clinothem beds up-dip. 
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rivers are mass wasting or failure scars (e.g. Mississippi Canyon [Goodwin and Prior 1989]; 
Kaoping Canyon [Liu et al., 1993]). Similar to landslides in subaerial settings, submarine failures 
result in a rupture surface or scar where the failure takes place, and a mass of displaced material 
that travels some distance downslope (Hampton et al., 1996). Failure scars have been identified 
in 2D sonar data as concave-upward valley scarps at the seafloor with smooth or irregular floors, 
and may contain acoustically transparent eroded material at their bases (e.g. the Storegga Slide, 
Norwegian shelf [Haflidason et al., 2004]). In the SoNG, two principal erosion-related failures 
are observed: 1) sequences of buried acoustically transparent failure scars separated by parallel 
bedding contiguous with clinothem strata up-dip, and 2) wide (<2 km) valleys at the seabed with 
acoustically transparent material at their floors atop contorted beds deeper in the subsurface 
(Fig. 6, 7). Acoustically transparent layers lacking coherent bedding structures are a conspicuous 
feature in both the depositional clinothem strata and erosional features. These transparent regions 
are associated with sediment displacement at the seabed from mass flows or liquefaction (Prior et 
al., 1986; Trincardi et al., 2004; Michels et al., 1998). 
Evidence for repeated cycles of failure has been documented in other canyon and 
slope settings. For example, in the western Mediterranean Sea, two stacked, geometrically 
similar transparent sections separated in time by stratified beds have been interpreted as two 
separate landsliding events that occurred at the same location (Lastras et al., 2004; Berndt et al., 
2012). As previously mentioned, similar evidence for repeated failures in both the eastern and 
northern flanks of the SoNG appear as layered acoustically transparent sections up to 6 m thick 
separated by parallel strata that drapes the underlying bathymetry. In line C5, up to three sets of 
alternating transparent layers and parallel strata can be identified in the subsurface (Fig. 6). Each 
set of transparent layers has irregular, wavy tops and bottoms that conform to the underlying 
topography and are truncated on one side by low-angle walls that locally ‘contain’ the failure 
sequences. Draping strata in between each failure layer can be traced updip and are laterally 
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contiguous with clinothem bedding. This suggests repeating cycles of failure occurred at the 
seabed followed by infilling of collapsed sections by prograding clinothem strata. These failure-
aggradation cycles highlight that while mass failures occur regularly, depositional processes are 
mostly continuous and have helped the SoNG canyon remain an aggradational canyon despite 
documentation of multiple failures.  
The second most common erosional features in the SoNG are failure scarps or valleys. 
Failure valleys observed in the upper canyon head have either smooth U-shaped forms with walls 
that dip ~6°, or resemble collapse features where large sediment blocks fail along high-angle 
slip planes (~7–10°) with minimal downslope displacement. Failed material is either completely 
evacuated from the point of rupture, or remains at the base of collapse scars and appears in 
the sonar data as transparent material or blocky debris. Failure valleys have been previously 
described for the eastern canyon flank (e.g. Kottke et al., 2003). For example, at ~65 mbsl, 
parallel clinothem strata are interrupted by a 100 m deep x 500 m wide failure scarp that has been 
suggested as a direct conduit for turbidity currents and mudflows into the canyon (Kottke et al., 
2003). Failures of this magnitude are found throughout the SoNG canyon head and in all cases, 
abruptly truncate the largely depositional clinothem.
One possible triggering mechanism for mass failures of this size is wave pumping from 
storms. Shallow canyon heads are susceptible to failure caused by cyclic hydrostatic loading 
during the passage of high-energy wind and storm events (Prior et al., 1989; Puig et al., 2004). 
In November 2007, a category 5 tropical cyclone (Sidr) formed in the Bay of Bengal and tracked 
directly over the SoNG canyon head. Although there are no wave data available for this storm, the 
depth of the wave base for category 5 hurricanes can reach over 200 m (Shanmugan 2012). Water 
depths around the upper canyon head are  <80 mbsl, indicating waves caused by Sidr remained in 
contact with the seabed during the storm’s passage. The failures in the SoNG canyon head are a 
combination of ‘new’ failures associated with Cyclone Sidr, and older failures that existed prior to 
2007, the most recent of which were reactivated by the storm’s passing. 
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New and reactivated failures
The two sonar surveys used in this study recorded the before and after affects of Sidr 
and captured widespread mass failures in the canyon head related to the storm. A ‘new’ valley 
system (WSV-5: sonar lines C11, C12 and C13) was created on the western canyon rim where 
deposition is limited to slow suspension settling of buoyant plumes (Fig. 8). The western canyon 
surface is much more steeply dipping than the eastern and northern sides of the canyon head 
(<10° compared to 2-3°), suggesting erosional processes dominate here. Valley system WSV-5 
was the largest of the Sidr-related failures by depth and volume and originated in 20 mbsl on the 
western edge of the canyon. The pre-storm seabed imaged in the western-most survey line of 
WSV-5 (C11) sloped seaward at ~0.2° and contained finely laminated parallel reflections with 
no evidence of prior disturbance (Rogers and Goodbred, 2010). In contrast, four large (750-2650 
m wide) preexisting valley systems were widened and deepened following Sidr when sediments 
infilling previous failures were evacuated down-slope. The four valley systems occur in the 
rapidly accreting northern upper canyon head and can be identified in Figure 9 from west to 
east in the Fledermaus fence image: SV-1 (blue); SV-2 (green); SV-3 (pink), and SV-4 (yellow). 
The attributes of these five valley systems are described in Table 1. In addition, two isolated 
failures with widths of 1500 m (sonar line C8) and 500 m (sonar line C1) were identified in the 
northeastern canyon head where rapid sedimentation dominates, though they are not genetically 
related to the five main valley systems. 
Sidr-related failure valley floors were cleanly evacuated along smooth failure planes 
in the northeastern sides of the canyon, and transition into valleys containing blockier, more 
cohesive debris-flow type fill to the west. The most northeastern valley system, SV-4, has smooth 
u-shaped valley floors that open down-dip into progressively more blocky valleys. SV-3 contains 
near-symmetrical u-shaped valleys except in the most down-dip line which has an irregular 
seafloor underlain by parallel strata. The floors of the westernmost failures (SV-1 and SV-2) 
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Valley name
Estimated 
runout 
length (m)
Angle of 
failure thalweg 
( ° )
Width of 
failures (m) 
Max depth of feature 
from seabed (m)
SV-1 1300 1 1470-2650 30
SV-2 3315 2-3 1300-1800 24
SV-3 2500 2 630-1800 25
SV-4 3000 2-3 1300-3000 34
Table 1. Characteristics of Cyclone Sidr-related failures
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are comparatively very blocky and irregular. The transition from smooth-floored valleys in the 
east and north to blockier valley floors downdip and to the west may be due to differences in 
consolidation of pre-failure strata in these locations. The very high sedimentation rates along the 
eastern and northern canyon head result in a deposit of loosely packed unconsolidated material. 
Rapid deposition in these areas produces excess pore-water pressure, which causes pore water 
between sediment grains to support the weight of any material additionally loaded onto the 
sediments. This reduces the strength of the sediment such that when a stress exceeding the shear 
strength is applied to the seabed (e.g. from storm waves or earthquakes), a highly liquefied 
mass failure tends to occur along resistant failure planes (Lee et al., 2007). By contrast, when 
sedimentation rates are slow, buried marine sediments have more time to dewater and compress 
through the gradual decrease of void volume between particle grains. Lower sedimentation rates 
result in densification and consolidation of sediment layers that are more resistant to complete 
disintegration upon failure. When consolidated sediments fail, they tend to produce debris flows 
containing coherent blocks of material (Hampton et al., 1996; Lee et al., 2007; Syvitski et al., 
1987). This could explain the transition from blocky debris-flow type failures in the western 
canyon head to fluidized beds and smooth u-shaped valleys on the eastern side. All valley systems 
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in the northern part of the canyon head, regardless of morphology, slope down-canyon at 2-3° and 
coalesce into one main valley down-canyon that may connect to the main canyon thalweg (Fig. 9) 
(Kottke et al., 2003). Acoustically transparent layers line the floor of most failure valleys, though 
the westernmost reactivated failures (i.e. SV-1 and SV-2) contain blocks with visible parallel to 
sub-parallel surfaces. Overall, the mass failures in the upper canyon represent the most direct 
input for large volumes of material to the deeper canyon. 
Bypass features: gullies 
The term ‘gully’ has been used in the literature to describe shallow channel features 
of various origins in many continental slope, canyon and deltaic settings. For example, gullies 
on the order of <100 m wide x <10-20 m deep have been found to incise the Atlantic continental 
slope on surfaces of <30° and are considered incipient canyon features that form from mass 
failures at the steep slope edge. These gullies are thought to transport sand across the slope to 
the deep sea (Twichell and Roberts, 1982; McGregor et al., 1982). Much wider and shallower 
(e.g. <380 m wide x <1.5 m deep) relict gullies traversing the prodelta slope of the Rhône River 
on a 4°surface were formed from incision of deposits of river sands transported off shore. While 
mostly moribund, a few of these gully features remain bypass features connecting the delta front 
to the lower prodelta slope, and transport only a small volume of sand during large flood events 
(Maillet et al., 2006). On the Northern California slope, relict gullies on the order of <100 m 
wide x <3 m deep buried <20 m below the seabed are thought to have been formed by focused 
erosional sediment flows during sea level lowstands when their heads were closer (e.g. ~10 km) 
to river mouths (Spinelli and Field, 2001). Despite their various scales and settings, these gully 
systems were originally formed by erosional processes and illustrate the significance of gullies 
as sediment bypass features. In the SoNG canyon head, two separate gully systems link the inner 
shelf to the interior of the canyon and are thought to facilitate sediment bypassing of the shelf. 
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The main difference between the SoNG gully systems and the previous examples is they appear 
to be maintained principally through depositional processes, rather than by incision alone. The 
key characteristics of SoNG gully morphology and stratigraphy leading to that hypothesis are 
described in this section. 
The two gully systems traverse the clinoform topsets between the inner shelf at ~20 
mbsl and the canyon head: one oriented NE/SW, a second oriented north (Fig. 10). Their general 
attributes are described in Table 2. The gullies are steep-walled (7-10°), shallow (<20 m deep), 
genetically related features that can be traced up to 10 km across the clinothem and onto the 
canyon floor. Failure-related features deeper in the canyon (>300 mbsl) have also been labeled 
‘gullies’ by Kottke and others (2003). However, these are dimensionally much larger (i.e. >1 
km wide x >300 m deep) than the gullies described for the upper canyon head, and more closely 
resemble the failure valleys. In the upper SoNG, the thalweg of both gully systems consistently 
slopes canyonward at 2-3°. Although gullies maintain their shape and depth over their entire 
length, the water depth to the tops of the gullies progressively deepens down-canyon. The 
constant bed gradient in both systems is much like the continuous bed gradient in a river channel, 
and the progressive down-canyon deepening of the water above the gully tops as they cross the 
clinothem is analogous to the canyon deepening as it crosses the shelf. 
A consistent feature of both gully systems are the clinothem strata that downlap onto 
the gully margin oriented up-dip of the clinothem (Fig. 11). This results in asymmetrical gully 
walls, as the wall containing downlapping strata slopes towards the gully floor at an angle that 
is 1-3° less than the opposite wall. Strata within gully walls on the down-dip from the clinothem 
appear to be truncated. Though the surface gully features consistently indent the clinothem 
strata to about 20 m, the gully form is detectable deeper in the subsurface, including horizontal 
stratification of ‘buried’ gully walls. The horizontal stratification of the gully forms deeper in 
the subsurface suggests their maintenance is the result of long-term aggradation rather than 
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Gully 
system
Estimated 
runout length 
(m)
Slope 
of gully 
system 
thalweg   
( ° )
Avg 
width of 
gully (m) 
Water 
depth to top 
of gully (m) 
Avg 
depth of 
gully (m)
Wall angle 
or surface 
gradient  
( ° ) 
Northern 4900 2-3 213 20-120 20 12-13
Eastern 10000 2-3 250 20-150 20 13-16
Table 2. Characteristics of gully systems
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incision. That is, the gully features are building upward most likely through the steady input of 
settling suspended sediment, and have been aggrading for several hundreds of years. This is the 
mechanism that has been suggested for maintaining the modern gullies found along the California 
continental slope. Field and others (1999) describe these gullies as containing laterally extensive, 
draping parallel beds that could be traced out of the gullies onto the adjacent interfluves, and 
attributed the apparent aggradation of the gully forms to sediment dispersion from settling, rather 
than from incision. 
On the Bengal shelf, a similar process may be maintaining the gully forms. The 
seasonal G-B river plume is kept in suspension by tidal currents and waves, and along-shelf 
surface currents transport sediments westward towards the canyon head (Kuehl et al., 1997). 
Near the canyon head where the surface gradient steepens, plume material settles onto the gully 
forms, thus building them upward. This vertical aggradation of the gully forms has most likely 
occurred through the settling of sediment in suspension plumes the same way the clinothem is 
prograding into the canyon, as stratal surfaces in gully walls are contiguous with up-dip clinothem 
reflections. 
Following Cyclone Sidr, which resulted in large-scale erosional valleys around the 
canyon head, the gullies ubiquitously resisted failure. This suggests that sediments along the gully 
walls were not overpressured and likely more compacted and stable than those in the valleys and 
Figure 11. Example of gully illustrating asymmetrical shape. Gully walls oriented towards the clinothem 
(on the right in this image) contain draping strata that are laterally continuous with clinothem beds, 
resulting in a more gently (<3°) sloping wall angle. The wall opposite the clinothem is more steeply 
dipping, and contains truncated strata implying they are formed through both depositional and erosional 
processes. Most gully forms persist in the subsurface, and the parallel bedding on both sides of deeply-
buried gully forms suggests the processes maintaining them have been consistent through time. Gullies 
contain transparent material at their bases.
126
127
on the shallow canyon margins, which locally fluidized (Fig. 10). Gullies may be shear-hardened 
by the conveyance of sediment gravity flows sourced from the inner shelf during the monsoon 
floodpulse or reactivated during high wind events during the dry season (Michels et al., 2003; 
Parchure and Mehta, 1985; Kudrass et al., 1998). The gullies lack growth faults or other styles of 
deformation, indicating they have been resistant to past failures or collapse. It has been suggested 
that the resistance of the gullies to Sidr-related failure was sustained in part by the shear 
hardening of accumulated sediments through regular transfer of shelf- or locally-sourced gravity 
flows (Rogers and Goodbred, 2010; Parchure and Mehta, 1985; Kudrass et al., 1998). The base of 
the gullies are smooth, indicating a lack of local mass failure. The sediment accumulating in the 
aggrading gullies, however, contain acoustically transparent strata that are interpreted to indicate 
transport by gravity flows as described for the canyon thalweg (Kottke et al., 2003). Based on 
these observations, it is suggested that the gully systems are maintained by both 1) aggradation 
through the vertical settling of sediment transported to the canyon via the same processes 
sustaining the progradation of the clinothem, and 2) shear hardening of gully walls by gravity-
driven flows of fine-grained sediment originating from the inner shelf. 
Discussion
Multiple styles of sediment transport-related features are represented by the 
depositional, erosional and bypass morphology documented in the chirp sonar data. The 
clinothem, mass failures and gullies occur in close proximity to each other, and cross-cut one 
another in many places in the SoNG canyon head (Fig 12). While the physical mechanics 
involved in transporting sediment from the inner shelf to the inner SoNG canyon are unknown, 
the geometry and distribution of these features provide valuable insight into the transport 
processes that are operating at the canyon head. Interpretation of these features are also consistent 
with previous studies of the Bengal shelf and deeper parts of the SoNG canyon system (Kottke et 
al., 2003, Kudrass et al., 1998; Michels et al, 2003; Palamenghi et al., 2011 ). 
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Seasonal mechanisms for sediment delivery: fluid mud formation
The gully features that originate at the topset-foreset rollover near the inner shelf into 
the SoNG are likely maintained by the regular conveyance of gravity-driven sediment flows, or 
fluid muds, sourced from the shelf. Downslope migration of fluid muds was first described as an 
episodic transport phenomenon triggered by wave- and current-generated boundary shear stresses 
on the subaqueous Amazon delta (Sternberg et al., 1996). The conditions required for fluid mud 
formation on shallow shelves off of river mouths have since been investigated and described 
in many different fluvial margin systems (Table 3). Fluid muds have been documented in other 
fluvial-marine shelf settings where suspended sediment concentrations are high and waves or 
tidal currents are energetic. For example, Ogston et al. (2000) found that maximum downslope 
sediment transport occurs on the Northern Californian shelf when river floods and high wave 
energy coincide. Specific to the shelf off the Eel River, wave focusing on steep seabed surfaces 
at the head of the Eel Canyon during large storms concentrates near-bottom suspended sediment, 
which is then mobilized and transported episodically into the canyon (Puig et al., 2004). On the 
Fly River subaqueous clinothem in Papua New Guinea, fluid mud gravity flows are transported 
across the clinothem in channels near the river mouth where tidal energy exceeds 1 m s-1. Farther 
away from the river mouth, wave supported gravity flows move across the shelf as thin sheet 
flows (Walsh et al., 2004). 
 Though rheological measurements of fluid mud in situ are difficult to make (e.g. Kineke 
et al., 1996), we can constrain the possibility of fluid mud formation and funneling to the interior 
of the SoNG canyon via the gullies based on the hydrodynamics of the Bengal Shelf and gully 
morphology. Together, the very high suspended sediment concentrations of the G-B floodpulse 
(4-6 g l-1), tidal pumping (velocities >1 m s-1), storm frequency (avg 1.5-2 yr-1) and energetic wave 
regime (avg wave heights <4 m) suggest that the conditions required for fluid mud formation 
are widely present on the Bengal shelf (Table 3) (Islam et al, 2002; Barua et al., 1994, DHV 
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Consultants, 1998; Alam et al., 2003). During summer discharge, wave pumping from onshore 
winds combines with high tidal current velocities on the shelf to keep sediment in suspension. 
Following relaxation of monsoon winds, dry season tidal currents or storms produce bottom 
boundary layer shear stresses sufficient to concentrate fine-grained sediments into a hyperpycnal 
layer near the seabed (Wright et al., 2001). When bed shear stress is reduced during slack tides, 
or following storm passage, these fluid mud layers condense and can move downslope. The 
transport of gravity-driven fluid muds into the SoNG canyon head would be further facilitated by 
the increase in slope of the seabed near the canyon head (Wright and Friedrichs, 2006). 
 As previously discussed, the aggradational strata of the gullies lack internal deformation, 
suggesting they have resisted failure for hundred of years despite the frequent recurrence of 
storms in the Bay of Bengal (Alam et al. 2003). Fluid mud transport through the gullies is the 
likely mechanism that prevents gullies from infilling by the high sediment fluxes reaching the 
canyon edge. Based on the eastward orientation of the gullies towards the river mouth estuary  
and dominant direction of sediment transport, plus their resistance to failure and radioisotope-
dated turbidites in the SoNG canyon head, it is suggested here that fluid muds are regularly 
formed on the inner shelf and transported into the canyon through the gullies (Barua, 1990; 
Kudrass et al., 1998).  
Canyon head-subaerial delta feedbacks 
The eastern gully system is oriented towards the river mouth and may be a conduit 
for fluid mudflows originating on the inner shelf. By contrast, the northern gully system is 
oriented north-south, and mimics the orientation of large tidal channels along the coast of the 
western lower delta plain. As these two depocenters are separated by only ~30 km of inner shelf, 
the northern gully system may be maintained by tidal exchange between the canyon head and 
subaerial delta. Figure 13 shows that the orientation of the shallowest northern gullies is aligned 
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with the mouth of the Pussur River, a large (>6 km) tidal channel due north of the canyon head. 
Grab samples from the inner shelf between the canyon head and the mouth of the Pussur River 
revealed that the seabed is composed of 99% fine sand. This contrasts with grab samples from 
elsewhere on the inner shelf in similar water depths (<20 mbsl), where the sand fraction is much 
lower relative to silts and clays (i.e. Seagall and Kuehl, 1992). Since the western part of the  
lower G-B delta plain is no longer connected to the active river system, there is not a landward 
source of the sand in the tidally-dominated Pussur River (Allison et al., 2003). The fine sand 
at the canyon head is most likely sourced from the main river mouth and transported along the 
coast by longshore drift or westward coastal currents following the flood pulse. Based on the 
orientation of the northern gully system towards the coast of the western lower delta plain and  
the high percentage of coarse grained sediments on the sea floor near the gully head, it is  
assumed that the finer sediment fraction (i.e. silts and clays) of the river plume is winnowed out 
by tidal currents around the northern canyon head and transported into the tidal channels on flood 
tides and canyonward on ebb tides. Tidal wave propagation through the canyon is faster than on 
the shelf, potentially resulting in a focusing of the tidal current through the gullies (Barua and 
Kana, 1994). Therefore, it is suggested that the northern gullies may be in part maintained by  
tidal reworking of sediment on the shelf between the canyon head and the coast of the western 
lower delta plain. In this case, flood tides would transport suspended fine-grained sediment out  
of the canyon head and into tidal channels, while ebb floods would transport fine-grained 
sediment into the canyon. This winnowing action by the tides in and out of the canyon may also 
contribute to the shear-hardening of gullies on the northern side of the canyon. Overall, this 
indicates that both fluid muds sourced from the inner shelf and tidal processes may maintain  
gully systems. Likewise, the proximity of the northern canyon head to the lower delta plain 
suggests that organic material sourced at the lower delta plain may be exported to the deep sea  
via the canyon. 
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Figure 13. Orientation of the gully systems on the eastern and northern canyon head. Gully systems 1a 
and b head separately on the eastern shelf, but merge in ~ 30 m water depth. The eastern gully system is 
oriented in the direction of wave refraction around the canyon head on the eastern shelf, and may be in part 
maintained by enhanced tidal velocities in and out of the canyon (Barua 1994). Likewise, they are oriented 
towards the main direction of flow originating at the river mouth as well as the tidal mouths in the south-
western subaerial delta. Gully system 2 is oriented due north and normal to tidal channel mouths that are 
~30 km from the head of the gully system. 
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G-B sediment budget and canyon head stability
Approximately 1/3 of the billion tons of Himalayan sediment annually transported to 
the Bengal Basin during the southwest monsoon is deposited on the floodplain through overbank 
flooding of the rivers (Goodbred and Kuehl, 1999). The remaining 700 x 106 tons annually 
discharged at the mouth of the G-B Rivers is thought to be partitioned between the rapidly 
prograding subaqueous delta (~400 x 106 tons) and the canyon (~300 x 106 tons) (Allison, 1998; 
Kuehl et al., 1997). Given the high rates of sedimentation (5-50 cm yr-1) around the shallow 
canyon head (20 mbsl), any river sediment annually sequestered here must be periodically 
removed in order to avoid the rapid infilling of the canyon head. Based on other results presented 
earlier in this dissertation (e.g. Ch. 2), the lower western delta plain is also trapping an estimated 
~100 x 106 tons of sediment a year, indicating that the mass of sediment bypassing the shelf to 
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the canyon head is closer to ~200 x 106 tons. However, in order to place the Sidr-related mass 
failures into the context of previously published sediment budgets for the G-B system, the earlier 
estimates of ~300 x 106 t yr-1 of sediment transported to the canyon will be used to calculate the 
volume of material displaced by the storm. 
A minimum volume of material displaced in the canyon head during Cyclone Sidr was 
estimated by calculating the areal change between pre- and post-storm 2D sonar lines (Table 4). 
Considering valley length in the x-direction and valley width in the y-direction, a modified 
equation for calculating the area of an ellipse was used to estimate the area of each of the five 
main failure valleys and two additional failures. The volume of material displaced in each valley 
segment of the failure valleys was calculated using: 
[((πAB)/2)*L]*ρ
where A is half the width (m) of each discrete failure valley, B is the average thickness (m) of 
material removed in each failure, L is the distance (m) between the failure and the next closest 
down-canyon sonar line, and ρ is the dry bulk density of sediment deposited in the canyon head, 
taken as 1.5 (t m-3) (per Michels et al., 2003). The total volume removed in each valley system 
can be obtained by summing their respective segment volumes. Volume was not calculated where 
there are gaps between the 2007 and 2008 data sets, with the exception of sonar line C10 and 
one cross line that is a part of SV-1. For these lines, a conservative estimate of failure height was 
made based on the measurable thickness of material removed on adjacent sonar lines within the 
same valley systems. Additional volume calculations were included for two failures on lines C8 
and C1 that are not a part of the five main valley systems. The latter two failures appeared to have 
minimal runout distances and their length was taken to be 85% of the total distance to the next 
nearest down-canyon lines, which did not contain evidence of change between 2007 and 2008. 
Failure Valley
 valley 
segment 
length (m)
thickness 
of failed 
material (m)
width (m)
 volume of 
failed material 
per valley 
segment (m3)
total 
volume 
removed 
(m3)
SV-1
    c1 900 30 1471 3.12E+7
    ne line 2000 20 2642 8.30E+7 1.14E+8
SV-2
    c10 1400 10 1800 1.98E+7
    c1 1700 8 1229 1.31E+7 3.29E+7
SV-3
    c8 1000 17 750 1.00E+7
    c10 1400 15 916 1.51E+7
    c1 1500 17 1000 2.00E+7
    below c1 1300 10 1800 1.84E+7 6.35E+7
SV-4
    c8 1300 14 2270 3.24E+7
    c10 1800 10 1657 2.34E+7 5.59E+7
WSV-5 
    c11 2000 40 1090 6.85E+7 6.85E+7
add’l failures
    c8 1500 25 1500 4.42E+7 4.42E+7
    c1 1000 15 500 5.89E+6 5.89E+6
TOTAL 3.85E+8
Table 4. Dimensions of failure valley segments used to calulate the volume of material removed by Sidr
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This volume calculation also excluded material displaced by mass flows or failures not captured 
in the sonar survey, and therefore represents a minimum. 
The estimated volume of material displaced by Cyclone Sidr is 385 x 106 m3, which 
is equivalent to a mass failure of 578 x 106 tons of sediment (Table 5). Compared to previous 
total volume displaced (m3) 3.85E+8
total mass displaced (t) 5.78E+8
years of total annual SoNG input removed by Sidr-
related failures
>1.93
fraction of total annual GB sediment load displaced by 
Sidr
0.58
Table 5. Results of failure volume calcuations based on a sediment bulk density of 1.5 g cm-3
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budget estimates of annual sedimentation to the entire canyon (300 x 106 tons yr-1) these failures 
compare to about two years worth of average canyon sedimentation, or 58% of the entire annual 
discharge for the G-B system. The previous estimate of 300 x 106 tons yr-1 of sediment discharged 
to the SoNG was quantified using sedimentation rates of up to 50 cm yr-1 determined from 137Cs 
and 228Ra-dating of cores taken on the upper canyon floor in water depths of 228-564 m (Michels 
et al., 1998). However, the failure volume calculated in the present study is restricted to a 400 
km2 area around the canyon head at water depths of <150 m. Compared to the size of the G-B 
drainage basin (841.6 x 106 km2), these failures are an example of intensely focused transport 
through the system and provide strong evidence for direct connection between the Bengal Basin 
and Bengal Fan.
To further illustrate the magnitude of these failures, an earlier sediment budget based 
on an average sedimentation rate of 20 cm yr-1 determined that the upper canyon stores 90 x 106 t 
yr-1 of sediment, or 9% of the 109 tons of annual river discharge (Michels et al., 2003). Compared 
to this budget estimate from the upper canyon floor, the volume of material removed by Cyclone 
Sidr in 2007 was equivalent to 6.4 years of sediment input. However, using a lower sedimentation 
rate of 5-10 cm yr-1 obtained from 137Cs-dated core material from the canyon rim near to the 
present study would indicate that the storm removed about 10-20 years’ worth of sediment 
accumulation (Kuehl et al., 1997). 
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If average accretion rates in the canyon head account for 5-10 cm yr-1 of new 
sedimentation on the canyon head clinothem, then the 20-30 m deep failure valleys around the 
canyon head are no more than several hundreds of years old. Evidence for up to three failure 
sequences can be documented in the canyon head in the chirp sonar data used in this study (e.g. 
Fig. 6). Based on the sedimentation rates and maximum depth of observable failure scars, it 
is estimated that storm events of similar magnitude to that of Cyclone Sidr have a maximum 
recurrence interval of <100 years, assuming the buried failure scars were caused by storms. The 
budget estimates above indicate that the equivalent of ~2-20 years of sedimentation at the canyon 
head was removed by the mass failures associated with the passage of Cyclone Sidr. The results 
of this research suggest that the balance of sediment flux into and out of the canyon throughout 
the Holocene has been maintained by recurrent storm-related mass failures on the time scale of 
10-100 years. Storms of Cyclone Sidr’s magnitude are known to have occurred historically in the 
Bay of Bengal every 3-30 years (e.g. Alam et al., 2003). Assuming that large storms track near the 
SoNG canyon head once a decade, it is suggested that mass failure due to storms is the principal 
mechanism maintaining the upper canyon head despite extremely high sedimentation rates.
Conclusions
The enormous load of G-B sediment discharged to the shelf (700 x 106 tons) is 
partitioned between the rapidly prograding subaqueous clinothem and the canyon. The results of 
this study illustrate that sediment transport linking the widely-separated river mouth and canyon 
head occurs via three principal mechanisms: 1) rapid progradation of the clinothem foresets into 
the eastern and northern canyon head; 2) erosion from mass wasting of canyon banks, and 3) 
funneling of fluid muds formed on the inner shelf into the canyon by two bypass gully systems. 
The morphologic features representing each of these processes overlap in the SoNG canyon head. 
This research also demonstrates a new model of canyon head stability in a high-discharge marine 
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environment whereby high rates of sedimentation are balanced by mass failures that transport 
material down-canyon. The rapid infilling and flushing out of material in the SoNG canyon  
head has allowed the canyon to maintain its position on the shelf since the mid-Holocene. 
The results of this study show that individual storm events in the Bay of Bengal can generate 
widespread mass failure that displaces a large percentage of the total river discharge sequestered 
to the canyon head. Finally, the identification of an active gully system terminating at the mouth 
of a major tidal channel suggests a possible connection between the canyon and the lower 
subaerial delta plain, which was shown in Chapter 2 to be another major depocenter for G-B 
sediment discharge.
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CHAPTER V 
 
IMPLICATIONS FOR SEDIMENT TRANSFER FROM LAND TO SEA:  
SUMMARY AND LOOKING FORWARD 
 
 
The results of this study demonstrate that tides and storms distribute sediment discharged 
from the Ganges-Brahmaputra river mouth to the coastal delta plain and Swatch of No Ground 
canyon head.  The study also reveals that the extremely high sedimentation rates on the prograding 
subaqueous delta foresets are enabling net sediment aggradation at the canyon head despite recurring 
mass failures. Several questions emerged from this project regarding the exchange of sediment across 
the land-sea boundary and the continental margin, and about modern submarine canyon stability.  
This chapter is a summary of key questions arising from this research.  
In chapter 2, seasonal sedimentation patterns on the moribund subaerial delta were 
discussed. The additional questions arising from the mass flux and general sedimentological results of 
this chapter pertain to:  
 
• the role of tidal island morphology and stream order in controlling the spatial 
distribution of sediment 
• influence of microtopography and subsidence on sedimentation patterns 
 
 The results of this study indicate that accretion in the Bangladeshi Sundarbans (~1.0 cm  
yr-1) is presently keeping pace with regional rates of sea level rise (~0.5-1.0 cm yr-1).  While regional 
sedimentation results were consistent across the lower delta plain, heterogeneities in mass flux 
patterns exist at the local scale. The high rate of sedimentation is maintained in part by sediment 
transport and distribution via smaller order streams, though sediment trap placement did not 
specifically target these smaller streams. In order to better constrain the contribution of these small 
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creeks to the overall sediment flux, a focused sampling strategy should be aimed at choosing sites 
according to their proximity to creeks of pre-specified stream orders. Remotely sensed data or local 
maps would be ideal for mapping a targeted sampling approach. However, at the time of the writing 
of this project, no remote sensing technology is capable of imaging through the thick vegetation 
canopy such as the Sundarbans, nor are satellite sensors able to resolve the land surface at a scale 
feasible to detect the first and second order streams that are transporting sediment to the interior of 
tidal islands.   
Likewise, microtopography partially controls where sediment is routed on the mangrove 
platform after it is brought in on the flood tide (Furukawa et al., 1997; Wolanski, 1995).  In the 
Sundarbans, elevation is lower in the west than in the east, based on measurements by Ellison et al. 
(2000) and the sedimentation results of the current research. A detailed topographic elevation survey 
would be an inexpensive way of quantifying overall elevation differences between the eastern and 
western portions of the Sundarbans, as well as local variations that may be influencing sedimentation 
patterns. Survey results could be matched with sedimentation data in a GIS to confirm the 
relationship between microtopography and sedimentation patterns. One caveat to this approach is that 
in many areas of the Sundarbans, vegetation is thick and may hinder survey attempts. A possible 
solution is to couple ground surveys with an airborne LiDAR (Light Detection and Ranging) survey 
of the coastal zone. While LiDAR does not see through vegetation, the frequent canopy openings in 
the Sundarbans forest would allow the beam of the system to strike the mangrove platform and 
provide for a more accurate elevation contour map of forest floor microtopography (Night et al., 
2009).  
Chapters 3 focused on mass failures around the canyon head associated with the 
passage of a large storm, and discussed characteristics of the underlying strata that might 
predispose some areas to failure and other areas to resist mass wasting. The main question arising 
from this chapter regards the first-order controls on canyon and shelf morphology in the canyon 
head:  
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• How does sea level lowstand morphology define highstand margin processes? 
 
This question also arises from the research in Chapter 4. During the Last Glacial 
Maximum, sea level was ~ 120 m lower than its present position, and many rivers formed incisional 
valleys on the surface of the continental margin as their base levels changed (Clark and Mix, 2002; 
Talling, 1998; Blum and Törnqvist, 2002). On the modern Bengal shelf, the position of the Late 
Pleistocene shoreline is marked by a series of shallow, laterally extensive oolitic beach ridges at about 
~120-130 meters below present sea level (Wiedicke et al., 1999). The absence of fine-grained 
sediment in the composition of these ridges indicates that the muddy suspended load of the G-B rivers 
bypassed the Bengal shelf when the ridges were forming. Low stand braided channels, similar to 
those of the modern Jamuna/Brahmaputra, extended across the shelf during the Late Pleistocene, 
feeding directly into the canyon (Goodbred, 2003).  These channel complexes were draped with wet, 
unconsolidated muds during the Holocene sea level transgression. Storm wave pumping during 
Cyclone Sidr initiated failure that led to the evacuation of Holocene sediments overlying the low 
stand surface, and in some places the dimensions of Sidr-related failures mimic those of the modern 
Brahmaputra braidbelt. While the lowstand surface is presently buried under 60-100 m of sediment, 
repeated failure at several locations throughout the canyon head is observed to the lowest depth 
resolution of the chirp sonar data. The repeated cycles of failure-aggradation discussed in Chapter 4 
may continue deeper in the subsurface, and could be related to the location of buried sand-filled low 
stand channels.  
Finally, chapter 4 discusses the interplay of depositional, erosional and bypass features in 
maintaining the position of the canyon head throughout the Holocene. The key questions that 
emerged from this chapter are: 
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• What can be learned about shelf edge delta processes and continental margin evolution 
from the Bengal canyon-clinothem system?  
• Source-to-sink implications: how is the G-B system sediment budget redrawn, and 
what are the implications for the global sediment budget?  
 
Over the last million years, sedimentation on margin systems has largely occurred during 
low stands of sea level (Suter and Berryhill, 1985). In the modern highstand world, the Swatch of No 
Ground is one of the only actively aggrading canyons that is not purely an erosional bypass feature. 
The progradation of the Holocene G-B clinothem into the canyon head is much like the progradation 
of low stand deltas at the end of rivers that extended across the shelf to the slope break (e.g. Muto et 
al., 2002; Steel et al., 2000). Further similarities of the modern Bengal canyon-clinothem system to 
shelf edge deltas include the location of gullies and mass failures. The gullies that incise the canyon 
on the north and the east of the SoNG are analogous to headless canyons, such as those that are 
forming on modern margins (e.g. Orange et al., 2003). Likewise, the relatively large-scale storm-
related mass failures on the upper SoNG canyon indicate pre-storm bathymetry was above wave base. 
At the last sea level lowstand, the shelf edge of most margins was above wave base (Muto et al., 
2002). High-energy wave and wind events may have caused frequent mass failures of the shelf break, 
such as those recorded on the SoNG canyon head, actively transporting sediment across the 
continental margin to the deep sea. In the geologic past, shelf edge deltas and mass wasting provided 
sediment to passive margin edges, resulting in the aggradation and progradation of regional scale 
clinothems (i.e. the Atlantic margin [Steckler et al., 1999].  The current research provides the first 
study of sediment transfer between the prograding clinothem and the SoNG canyon head and is the 
first to identify the Bengal canyon–clinothem system as a potential analog for a lowstand passive 
margin shelf-edge delta system.  
Finally, as a result of this research, the sediment budget for the lower part of the Ganges-
Brahamputra source-to-sink system (i.e. from river mouth to Bengal Fan) is recalculated. Previous 
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budget estimates assumed the SoNG canyon intercepted >30% of the sediment load discharged at the 
coast (Michels et al., 1998).  Chapter 2 showed that the moribund western delta is intercepting >10% 
of sediment discharged to the coast during the summer monsoon. Therefore the sediment budget can 
be refined to reflect that ~40% of sediment discharged at the G-B river mouth is deposited on the 
deltaic clinothem, ~10% goes to the western subaerial delta, and the remaining 20% is delivered to 
the canyon. The volume of sediment stored in the lower delta plain as calculated by this study reduces 
the overall total of sediment discharging to global ocean by >0.6% (Syvitski and Kettner, 2011). 
Furthermore, the mass failures that appear to recur on decadal-to-century timescales in the canyon 
head release large volumes of sediment into the lower canyon. If the volume of material displaced 
during Cyclone Sidr (equivalent to >2 years of sedimentation at the canyon head) represents an 
average, then the magnitude and frequency of failures in the Swatch of No Ground canyon has likely 
maintained the 7 m of aggraded sediment that has accumulated on the Bengal Fan since the mid-
Holocene slow down of sea level rise (Weber et al., 1997). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 150 
References 
 
Blum, M.D. and Törnqvist, T.E. 2002. Fluvial response to climate and sea-level change: a review and 
look forward. Sedimentology, 47 (s1): 2-48.  
 
Clark, P.U. and Mix, A.C. 2002. Ice sheets and sea level of the Last Glacial Maximum. Quaternary 
Science Reivews, 21 (1-3): 1-7. 
 
Ellison, A. M., Mukherjee, B. B., and Karim, A. 2000. Testing patterns of zonation in mangroves: 
scale dependence and environmental correlates in the Sundarbans of Bangladesh. Journal of 
Ecology, 88: 813–824. doi: 10.1046/j.1365-2745.2000.00500.x 
 
Furukawa, K., Wolanski, E., and Mueller, H. 1997. Currents and sediment transport in mangrove 
forests. Estuarine, Coastal and Shelf Science, 44: 301-310. 
 
Goodbred Jr., Steven L. 2003. Response of the Ganges dispersal system to climate change: a source-
to-sink view since the last interstade. Sedimentary Geology, 162 (1): 83-104.  
 
 
Michels, K. H., Kudrass, H. R., Hübscher, C., Suckow, A., and Wiedicke, M. 1998. The submarine 
delta of the Ganges–Brahmaputra: cyclone-dominated sedimentation patterns. Marine 
Geology, 149 (1): 133-154. 
 
Muto, T. and Steel, R.J. 2002. In defense of shelf‐edge delta development during falling and lowstand 
of relative sea level. The Journal of geology, 110 (4): 421-436. 
 
Night, J.M., Dale, P.E.R., Spencer, J., and Griffin, L. 2009. Exploring LiDAR data for mapping the 
micro-topography and tidal hydrodynamics of mangrove systems: an example from southeast 
Queensland, Australia, Estuarine, Coastal and Shelf Science, 85 (4): 593-600.  
 
 
Orange, Daniel L., McAdoo, B.G., Moore, J.C., Tobin, H., Screaton, E., Chezar, H., Lee, H., Reid, 
M., and Vail, R. 2003. Headless submarine canyons and fluid flow on the toe of the Cascadia 
accretionary complex. Basin Research, 9 (4): 303-312. 
 
Steckler, M.S., Mountain, G.S., Miller, K.G., and Christie-Blick, N. 1999. Reconstruction of Tertiary 
progradation and clinoform development on the New Jersey passive margin by 2-D back-
stripping. Marine Geology, 154: 399–417. 
Steel, R. J., Crabaugh, J., Schellpeper, M., Mellere, D., Plink-Björklund, P., Deibert, J., and T. 
Loeseth. 2000. Deltas vs. rivers on the shelf edge: their relative contributions to the growth of 
shelf-margins and basin-floor fans (Barremian and Eocene, Spitsbergen)." In Deep-water 
reservoirs of the world, Gulf Coast Section, SEPM Foundation, 20th Annual Research 
Conference: 981-1009 pp.  
 
Suter, J.R. and Berryhill Jr., H.L. 1985. Late Quaternary shelf-margin deltas, northwest Gulf of 
Mexico. AAPG Bulletin, 69 (1): 77-91. 
 
Syvitski, J. P. and Kettner, A. 2011. Sediment flux and the Anthropocene. Philosophical Transactions 
of the Royal Society A: Mathematical, Physical and Engineering Sciences, 369: 957-975. 
 151 
 
Talling, Peter J. 1998. How and where do incised valleys form if sea level remains above the shelf 
edge?" Geology, 26 (1): 87-90. 
 
Weber, M. E., Wiedicke, M. H., Kudrass, H. R., Hübscher, C., and Erlenkeuser, H. 1997. Active 
growth of the Bengal Fan during sea-level rise and highstand. Geology, 25 (4): 315-318. 
 
Wiedicke, M., Kudrass, H.R., and Hubscher, C.H. 1999. Oolitic beach barriers of the last Glacial sea-
level lowstand at the outer Bengal Shelf. Marine Geology, 157 (1-2):7-18.  
 
Wolanski, E. 1995. Transport of sediment in mangrove swamps. Hydrobiologia, 247 (1-3): 141-161.  
 
 
 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
APPENDIX 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 153 
	  	  	  	  	  	  
	  
Appendix A. 210Pbtotal RESULTS 
Sample number Latitude (N) 
Longitude 
(E) 
210Pb total Activity    
(dpm g-1) 
error 
(+/-) 
Mass flux             
(g cm-2) 
210Pb total 
Inventory     
(dpm cm-2) 
1.1.A 22.2090 89.6998 2.85 0.25 1.19 3.39 
1.1.B 22.2094 89.7003 6.26 0.43 0.34 2.15 
1.1.C 22.2099 89.7007 5.01 0.43 0.62 3.12 
1.1.D 22.2106 89.7011 0.56 0.05 5.51 3.09 
1.2.A 22.2210 89.6871 3.67 0.27 1.02 3.75 
1.2.B 22.2215 89.6879 1.89 0.2 1.10 2.07 
1.2.C 22.2216 89.6890 4.64 0.28 0.66 3.06 
1.2.D 22.2213 89.6902 6.18 0.56 0.42 2.56 
1.3.A 22.2143 89.6999 4.87 0.45 0.37 1.80 
1.3.B 22.2139 89.7007 2.58 0.2 1.24 3.21 
1.3.C 22.2133 89.7013 6.06 1.9 0.22 1.34 
1.3.D 22.2129 89.7014 1.76 0.16 1.89 3.32 
2.1 CHAN 21.8574 89.7865 4.79 0.55 0.00 
2.1.A 21.8576 89.7864 2.21 0.19 1.50 3.32 
2.1.B 21.8585 89.7862 5.85 0.56 0.46 2.70 
2.1.C 21.8593 89.7860 4.98 0.52 0.35 1.74 
2.1.D 21.8601 89.7853 4.92 0.81 0.47 2.29 
2.2 CHAN 21.8667 89.7786 3.47 0.24 0.00 
2.2.A 21.8717 89.7788 4.01 0.44 0.69 2.78 
2.2.B 21.8726 89.7788 1.91 0.18 1.64 3.14 
2.2.C 21.8733 89.7783 1.66 0.14 2.16 3.58 
2.2.D 21.8742 89.7781 3.47 0.24 0.57 1.98 
2.3 CHAN  21.8680 89.7795 4.73 0.43 0.00 
2.3.A 21.8677 89.7791 2.7 0.23 2.30 6.20 
2.3.B 21.8672 89.7790 5.75 0.45 0.35 2.02 
2.3.C 21.8669 89.7788 3.76 0.28 2.69 10.10 
2.3.D 21.8667 89.7785 2.15 0.18 1.62 3.49 
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Appendix A, con't  
Sample number Latitude (N) 
Longitude 
(E) 
210Pb total Activity    
(dpm g-1) 
error 
(+/-) 
Mass flux 
(g cm-2) 
210Pb total Inventory   
(dpm cm-2) 
3.1.A 21.8812 89.3227 8.83 1.12 0.14 1.24 
3.1.B 21.8810 89.3238 5.4 0.6 0.41 2.21 
3.1.C 21.8819 89.3248 4.22 0.38 0.75 3.16 
3.1.D 21.8825 89.3255 1.51 0.12 2.30 3.47 
3.2 CHAN 21.8699 89.3310 2.95 0.31 0.00 
3.2.B 21.8694 89.3309 2.13 0.17 4.70 10.00 
3.2.C 21.8685 89.3311 3.96 0.35 0.59 2.35 
3.2.D 21.8672 89.3314 1.91 0.15 2.44 4.66 
3.3 CHAN 21.8793 89.3215 4.26 0.42 0.00 
3.3.A 21.8666 89.3320 2.93 0.24 1.02 2.99 
3.3.B 21.8795 89.3210 2.38 0.18 1.49 3.56 
3.3.C 21.8794 89.3200 13.47 0.72 1.17 15.76 
3.3.D 21.8799 89.3187 2.46 0.19 1.63 4.02 
4.1 CHAN 22.0818 89.2554 6.72 0.5 0.00 
4.1.A 21.8803 89.3183 1.27 0.1 2.69 3.42 
4.1.B 22.0945 89.2437 4.86 0.35 0.81 3.94 
4.1.C 22.0938 89.2435 5.01 0.36 0.77 3.88 
4.2 CHAN 22.0851 89.2177 2.69 0.3 0.00 
4.2.A 22.0934 89.2438 4.66 0.43 0.42 1.98 
4.2.B 22.0847 89.2175 3.25 0.27 1.12 3.64 
4.2.C 22.0843 89.2174 3.48 0.44 1.02 3.53 
4.2.D 22.0838 89.2175 8.4 0.9 0.17 1.45 
4.3 CHAN 22.0940 89.2249 3.45 0.27 0.00 
4.3.A 22.0836 89.2170 0.97 0.08 3.23 3.13 
4.3.B 22.0941 89.2254 4.21 0.29 0.99 4.16 
4.3.C 22.0941 89.2263 4.41 0.33 1.65 7.28 
4.3.D 22.0942 89.2267 5.39 0.51 0.34 1.86 
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Appendix B. SOIL CARBON CONTENT 
Sample number LOI % 
1.1.A 0.65 
1.1.B 1.79 
1.1.C 2.54 
1.1.D 0.65 
1.2.A 1.27 
1.2.B 0.84 
1.2.C 0.62 
1.2.D 0.82 
1.3.A 2.62 
1.3.B 2.87 
1.3.C 1.85 
1.3.D 0.90 
2.1.A 0.93 
2.1.B 1.52 
2.1.C 1.46 
2.1.D 2.01 
2.2.A 0.74 
2.2.B 1.17 
2.2.C 1.16 
2.2.D 3.80 
2.3.A 0.97 
2.3.B 1.57 
2.3.C 0.91 
2.3.D 0.74 
3.1.A 0.43 
3.1.B 1.01 
3.1.C 0.98 
3.1.D 1.73 
3.2.B 0.71 
3.2.C 2.83 
3.2.D 1.10 
3.3.A 1.76 
3.3.B 2.18 
3.3.C 1.37 
3.3.D 3.09 
4.1.A 0.85 
4.1.B 1.37 
4.1.C 1.11 
4.2.A 0.59 
4.2.B 1.03 
4.2.C 0.66 
4.2.D 1.04 
4.3.A 2.94 
4.3.B 1.73 
4.3.C 1.28 
4.3.D 2.14 
